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ABSTRACT
This thesis covers a seismic geophysical investigation at the Soft clay test bed site, 
Bothkennar. The principle geophysical methods that have been used to characterise 
the site are the standard crosshole and the continuous surface wave techniques. One 
new geophysical technique has been developed as part of this research, the surface 
source to crosshole technique.
The surface source to crosshole technique allows the measurement of the propagation 
velocity of horizontally polarised, horizontally propagating shear waves at depth, 
without the use of a specialised borehole source or the installation of a third borehole. 
The surface source technique uses a surface based impulse source and relies on the 
ray path curvature of a geomaterial where stiffness increases with depth to produce 
horizontally propagating shear waves at the crosshole section.
A critical comparison has been carried out between the seismic geophysical methods 
of crosshole (standard and surface source), the continuous surface wave technique and 
geophysical testing carried out by other researchers. Comparison between 
horizontally and vertically polarised crosshole indicates that the Carse clays at 
Bothkennar should be considered to be slightly cross anisotropic, with the stiffness in 
the vertical planes being typically greater than the horizontal plane. It has been 
shown that at Bothkennar the crosshole technique yields very similar results to the 
seismic cone penetration technique (Powell and Butcher (1991)). Two continuous 
surface wave surveys have been conducted, the results of which delineate the stiff 
superficial layer known to exist at Bothkennar and correlate well with the standard 
crosshole surveys.
Comparison has been drawn with very small strain, high quality triaxial testing 
(Heymann (1998). Stiffnesses determined in the triaxial cell and geophysically have 
been found to be analogous but in general, the latter are slightly greater.
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1. INTRODUCTION
This thesis covers the use of seismic geophysical techniques on the National Soft Clay 
Test Bed site at Bothkennar. The work has three main objectives: further 
characterisation of the test site using geophysical techniques; the introduction of a 
novel technique for generating horizontally polarised and horizontally propagating 
shear waves at depth for crosshole surveying; and the comparison of various seismic 
geophysical and traditional soil investigation results for the Bothkennar test site.
In 1987 the Engineering and Physical Science Research Council, EPSRC (then the 
Science and Engineering Research Council, SERC) purchased 11 ha of land at 
Bothkennar, close to the Firth of Forth in Scotland. After a nation-wide search, the 
site at Bothkennar was chosen as the Soft Clay Test Bed site for the United Kingdom. 
The site was selected because of a homogeneous, 20m thick overlying layer of soft 
saturated clays
The Bothkennar site has undergone extensive traditional site investigations (see for 
example Hawkins (1989) and Géotechnique (1992)). This present research forms part 
of the on-going detailed investigation into the engineering properties of the clays 
present at Bothkennar. The scope of the research covers in-situ determination of 
small strain stiffness using different seismic geophysical techniques.
The seismic geophysical techniques that are available during a site investigation 
generally use different configurations of shear wave sources and receivers. As a 
result, different shear waves are generated with different polarities and propagation 
directions. For example, the standard crosshole technique generally uses a vertically 
polarised, horizontally propagating shear wave, whereas the downhole technique 
utilises a horizontally polarised vertically propagating shear wave. It has been 
commented (see, for example, Powell and Butcher (1991)) that on some sites the use 
of different seismic geophysical techniques may produce distinctly different results. 
This would be expected where the geomaterial exhibits stiffness anisotropy. For 
stiffness anisotropic materials the differences in propagation velocities for different 
orientations of shear waves (White et al (1983)) will result in different measured
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stiffnesses. The normally to lightly over-consolidated clays at Bothkennar can be 
expected to exhibit little stiffness anisotropy. This makes the Bothkennar site a 
suitable location for the comparison of different seismic geophysical techniques.
The most common seismic geophysical technique (Ricketts et al (1996)) is the 
standard crosshole technique. It has been used as part of this research to evaluate the 
clay deposits at Bothkennar. Due to the prevalence of the standard crosshole 
technique within engineering geophysics, this technique has been used as a reference 
or datum for the comparison with other techniques. Other techniques that have been 
used during this research and by other researchers at Bothkennar, include continuous 
surface wave testing (CSW) and seismic cone (SCPT).
An entirely new technique has been introduced by the author and implemented at 
Bothkennar the surface-source to crosshole method. The surface source to crosshole 
technique (detailed in Chapter 3) allows the determination of propagation velocities 
for horizontally polarised, horizontally propagating shear waves at depth without the 
use of a specialised downhole source. Through the measurement of the propagation 
velocities of horizontally polarised, horizontally propagating shear waves the 
technique may be utilised to evaluate the horizontal small-strain stiffness modulus, 
Ghh.
All of the results of the geophysical testing carried out for this research have been 
lodged with the EPSRC site governing body in the Bothkennar database for the use of 
other researchers.
The structure of this thesis is as follows:
A brief review of current literature is presented in Chapter 2. The literature review is 
divided into two sections: techniques for the determination of small strain stiffness 
and the site characteristics of the Bothkennar research site. The section concerning 
the techniques for the determination of small strain stiffness covers direct techniques 
such as triaxial testing and indirect techniques for example, seismic geophysics. In 
the second section, the site characteristics of Bothkennar the site geology and 
engineering properties are examined.
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Chapter 3 introduces the new surface source to crosshole technique. The 
development of the technique is detailed as well as the field implementation. Critical 
appraisal of the technique takes the form of the potential errors that may be included 
in a surface source to crosshole test and the general limitations of the technique.
The experimental plan for the research is detailed in Chapter 4. Implementation of 
the planned experimental work is shown in Chapter 5. Chapter 5 also describes the 
installation of the boreholes for the geophysical test site, the geophysical testing and 
the field equipment used during the course of this research.
The results of all of the surveys being reported in this thesis are presented in Chapter
6. Initial analysis of the seismic geophysical results is also presented.
The geophysical results are discussed and compared in Chapter 7. The seismic 
geophysical results from the present study are compared to geophysical results 
published by other researchers, and also with stiffness measurements made in the 
laboratory. To aid the comparison of the seismically determined stiffness results and 
the triaxially determined stiffnesses a new normalisation parameter is presented.
The principal conclusions of this project are presented in Chapter 8.
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2. LITERATURE REVIEW
Determination of small strain stiffness throughout the course of this research has been 
carried out using engineering seismic geophysics. Apart from engineering seismic 
geophysics, other techniques have been used by other researchers to determine 
stiffness parameters for the geomaterials present at Bothkennar. Techniques such as 
small strain triaxial, oedometer and in-situ loading tests have all been implemented, the 
most relevant to this project are summarised here.
Engineering seismic geophysics has potentially two roles in site investigation practice. 
The primary role is geomaterial stiffness determination and secondly stratigraphie 
studies. The stratigraphy of the Bothkennar site has been previously well investigated 
(see Section 2.3) no work has been carried out towards this end as part of this 
research. The findings of previous investigators are summarised here to evaluate 
which properties present at Bothkennar affect seismic geophysical results, and hence 
which property changes may be detected using seismic geophysics.
2.1 Determination of Small Strain Stiffness
Techniques for the determination of geomaterial stiffness have been divided into three 
principal categories, after Powell and Butcher (1991) and Heymann (1998); these are 
direct, indirect and empirical techniques.
Direct measurement techniques include all techniques where the material under test is 
strained and the applied stress is measured. Techniques that fall within this category 
include laboratory tests such as triaxial testing and oedometer testing and in-situ 
testing, for example, plate loading (Matthews, 1993) and pressuremeter tests (Menard, 
1957).
Indirect techniques include tests where a stiffness dependent characteristic is measured, 
for example, the shear wave velocity, Vs, and then from the measured parameter the
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stiffness of the geomaterial may be calculated. Examples of indirect techniques include 
shear wave crosshole and determination of shear wave velocity in the laboratory using 
piezo-ceramic bender elements.
Empirical techniques such as the Standard Penetration test (SPT) will not be studied 
here because of the generally imprecise relationship between the measured parameter 
and the stiffness of the geomaterial.
2.1.1 Direct techniques for determination of stiffness
The most widely used direct techniques in the laboratory for the assessment of soil 
stiffness are triaxial (Bishop and Henkel (1962)) and oedometer (Terzaghi (1925)) 
testing. Some direct techniques are available for the measurement of mass stiffness on 
site, primary amongst these are large-scale plate loading tests.
Laboratory based direct stiffness determination techniques suffer from some inherent 
problems. Amongst the problems with laboratory based stiffness determination are; 
the scale factor between the sample under test and the site volume, sampling effects 
and the strain levels at which stiffness measurements are usually carried out.
Triaxial testing is usually carried out in the laboratory using small (typically between 
38 and 100mm diameter) samples. Due to the scale of the sample, the volume under 
test is very small in comparison to the site as a whole. Extrapolation over the whole 
site from triaxial tests means assigning the stiffness of a small element to the whole unit 
as a mass stiffness. This will take no account of the mass properties of the material 
such as heterogeneity or fissuring. Standard practice (BS 1377: Part 7, 8.3.1: 1990) 
states samples for triaxial testing should not contain soil particles greater than one fifth 
of the sample diameter. Samples should not be used where possible if indications of 
local softening, disturbance or non-uniformity are present (BS 1377: Part 7, 8.3.2.1: 
1990). BS 1377 recommends that the samples tested in the triaxial test as far as 
reasonably possible should be homogeneous. Whilst this simplifies laboratory testing it
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does introduce some uncertainty when the results from these tests are extrapolated 
over the site as a whole.
When assessing triaxial testing results and oedometer testing results consideration must 
also be given to sample disturbance. Sample disturbance is a negative contributing 
factor to the quality of triaxial and oedometer stiffness measurements. Sample 
disturbance affects samples in two primary ways (Hight et al, 1992b):
a) changes in the mean effective stress p ’ in the sample from the in-situ mean 
effective stress po ’
b) and modification of the soil initial bounding surface as a result of strains 
imposed during sampling or specimen preparation.
Sample disturbance may be caused by a variety of mechanisms these were summarised 
by Hight et al. (1992b) in Figure 2-1. The factor assessed to contribute most to 
sample disturbance (Hight et al. (1992b)) was the imposition of centre line strains 
during traditional tube sampling. In an attempt to diminish this effect most researchers 
have taken samples at Bothkennar for high quality triaxial testing using the Laval or 
Sherbrooke samplers. The Laval sampler (La Rochelle et al, 1981) is in effect, a tube 
sampler but with a cutting edge taper of only 5°, no internal clearance and a release 
valve at the top of the sample tube to avoid fluid pressure build up around the sample. 
The sharper than standard cutting edge causes reduced structural damage and 
decreases the magnitude of any centreline strains imposed on the sample. The lack of 
internal clearance around the sample lowers the degree of stress relief within the 
sample as it swells to fill the tube.
Hight et al (1992b) conclude that the most effective and least destructive method of 
sample extraction at Bothkennar uses the Sherbrooke sampler (Lefebvre & Poulin, 
1979 as cited by Hight et al, 1992b). The Sherbrooke sampler caused smaller centre 
line strains in the sample than either the Laval (La Rochelle et al, 1981) or 
conventional thin walled piston samplers. With the use of a Sherbrooke sampler, a 
300mm diameter cylindrical block sample is excavated. This is achieved by an
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oversized cutting shoe being rotated into the flat base of a borehole. When the desired 
sample height (usually >350mm) has been achieved, horizontally mounted cutters at 
the base of the sampler are released to under cut the sample with further rotation of the 
cutting shoe at the same elevation. The under cutters are then used to support the 
sample while it is extracted from the borehole.
Even using the best sampling practice, sample preparation and testing techniques 
available the sample will still suffer some negative effects that will influence the results 
obtained.
The correlation of traditional triaxial and oedometer data with that produced using 
seismic geophysics is made difficult due to a difference in the strain level at which the 
tests are carried out. The minimum strain levels at which triaxial testing may be 
carried out has been dramatically improved by the intervention of local strain 
measurement on the triaxial sample.
Local strain measurement around triaxial specimens is based on using displacement 
transducers attached directly to the sample, usually over the central two thirds of the 
sample. The most commonly used local strain transducers rely on Hall effect magnetic 
proximity chips (Clayton and Khatrush (1986)). While Hall effect transducers can 
have infinite resolution (dependent on the number of effective bits used for analogue to 
digital conversion) in reality only resolutions down to 1pm are achievable due to noise 
and non-linearity. Other transducers have been used to measure local displacements of 
triaxial specimens, for example, electrolevel gauges (Burland and Symes (1982)) which 
show a similar resolution to Hall effect gauges. The use of local strain measurement 
dramatically improves the quality of measurement of small strains. The quality of small 
strain measurements is improved with local strain instrumentation due to some 
principal errors that occur within a triaxial test being discounted. With the use of local 
strain measurement, sample-bedding errors will be discounted from the results. 
Bedding errors occur when the sample ends are either not parallel or contain some 
surface irregularities. The net result is that at small strains the principal effect 
measured, if only external measurement is used, is the sample ends or irregularities
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straining to form a flat smooth surface. When local strain instrumentation is attached 
directly to the sample the displacements measured by these transducers at small strains 
will be due to the sample straining only, not the system and sample compliance.
Even with the currently available local strain instrumentation, the lack of higher 
resolution and accuracy local strain measurement means that triaxial testing may not be 
carried out with sufficient accuracy to reveal very small strain stiffnesses that would be 
comparable with seismic geophysical results. One step has been taken by Heymann 
(1998) who used locally mounted high quality LVDT (Linear Variable Differential 
Transformer) transducers. The LVDTs used by Heymann (1998) were accurately 
calibrated at very small displacements (down to lOOnm) using a Fabre-Perot laser 
interferometer giving an achievable accuracy of 0.027pm over a 60pm range. This 
corresponds to strains of 2.7xl0'7 for samples of 100mm length. An accuracy of this 
magnitude when applied to a soil sample would enable measurements of ultra small 
strains. In practice, other concerns are raised when measurements are to be made at 
this level. The attachment of the transducer to the sample must be rigid enough to 
sustain such small measurements as relative motion between the sample and the 
displacement transducer would introduce error into the strain measurement. Since the 
strain is calculated using the original gauge length of the transducer, this must also be 
measured to a similar accuracy.
Field testing such as plate loading and footing tests can suffer from some of the same 
problems as laboratory testing. For example, measurement of the small strains applied 
in the field with high accuracy is difficult. The measurement of small strains with high 
accuracy has been achieved in the field (see for example Burland (1989)) but the cost 
is prohibitive.
Large-scale model field tests do have the advantage in that some of the traditional 
problems encountered during direct laboratory testing are negated, such as testing a 
representative area of the site, sampling effects and sample preparation effects.
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2.1.2 Indirect techniques for determination of stiffness
Indirect determination of small strain stiffness can be carried out both in the field and 
laboratory. The most commonly used field methods are seismic geophysical 
techniques. The principal techniques for indirect determination of stiffness in the 
laboratory are resonant column and piezo-ceramic bender element testing (Dyvic and 
and Madshus (1985)). No resonant column testing has been carried out to date on 
Bothkennar clay so only brief attention will be paid to it here.
Resonant column testing relies on the testing of a sample in the laboratory and so 
suffers from similar sample disturbance and representation effects as discussed in the 
previous section. Resonant column testing is carried out by inducing a small torsional 
strain at one extremity of the sample and measuring the time taken for the resulting 
shear wave to travel to the other extremity of the sample. As the same parameter, 
shear wave velocity, is measured, results from resonant column testing should be 
comparable to results obtained by seismic geophysics. This is true if the effects of 
sample disturbance and non-representative sampling could be completely accounted 
for. The polarity and propagation direction of the shear waves in question must be 
considered where anisotropic soils are to be tested. The importance of the polarity and 
propagation direction is that differing propagation velocities in different directions are 
recorded for stiffness anisotropic soils (White et al (1983)).
The introduction of piezo-ceramic bender elements into geotechnical laboratory testing 
allowed shear wave velocity measurements to be made in the triaxial apparatus (Dyvic 
and Madshus (1985)) and the oedometer apparatus (Jamiolkowski et al (1995)). 
Bender elements are small, typically around 1cm2, rectangles of piezo-ceramic, bi­
laminate material. The application of a voltage across the laminates will cause the 
element to bend. In this manner, if an alternating current is applied to an element a 
sinusoidal shear wave may be induced into the specimen. A similar bender element is 
installed the opposite end of the test specimen to the source element to act as a 
receiver. The first arrival of the shear wave is determined at the receiver element and 
the shear wave velocity calculated. The small strain shear modulus is calculated using
2-6
elastic theory (see for example Lavergne (1989) and Ewing et al (1957)). The 
relationship is given by Equation 2-1:
Gmax = p  V i  (Eqn. 2-1)
The same parameter, shear wave velocity, is measured in both bender element testing 
and seismic geophysics. However, the results may not necessarily be similar, the 
sample under investigation using bender elements will suffer from similar sample 
disturbance and representation effects outlined above for the direct laboratory 
techniques. Furthermore, stress levels play an important role in the propagation 
velocity of shear waves (Santamarina and Cascante (1996)) when a sample is under 
test using bender elements the in-situ stress levels need to be reproduced as closely as 
possible.
Shear wave based geophysics is the most commonly used indirect tool for 
determination of small strain stiffness. A variety of devices and methods have been 
developed to induce shear waves into the ground and to detect the speed of 
propagation. The underlying differences between the techniques are the polarisation 
and propagation direction of the induced waves (some examples are summarised in 
Table 2-1).
For a homogeneous material where stiffnesses in all directions are constant the 
propagation velocity of all shear waves would also be constant, irrespective of polarity 
and propagation direction. Stiffness anisotropy will cause shear waves of different 
polarities and propagation directions to propagate at different velocities (Stoneley 
(1949) and White et al (1983)). To describe full-anisotropy 21 elastic parameters are 
required (Love (1944)). This may be simplified if one plane of isotropy is introduced 
into the model in the horizontal plane. Using this simplified cross-anisotropy model 
only five independent elastic properties are required (Love (1944), Stoneley (1949) 
and White et al (1983)) those used by geophysicists are A, C, F, L and N  where:
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Where x, y  is the plane of symmetry and hence z is the axis of radial symmetry. For 
isotropic conditions; A = C,L=N.
The propagation velocity of Compression waves, VP, horizontally polarised shear 
waves, Vsh, and vertically polarised shear waves, VSv, are given (after Stoneley (1949) 
and White et al (1983)) by:
VP = [(P+Q)/2p]1/2 (Eqn 2-3)
Vsh = [(Nsin2y + Lcos2y)/p]1Z2 (Eqn 2-4)
VSv=[(P-Q)/2p]1/2 (Eqn 2-5)
Where:
P= v4sin2y + Ccos2y + L (Eqn 2-6)
Q = {[W-/,)sin2y - (C-i)cos2y]2 + 4(F+I)2sin2ycos2y]1/2 (Eqn 2-7)
p  is the mass density and y is the angle between the plane of isotropy and the vertical 
axis.
The simplest cases to examine are with propagation in the horizontal (y=90°) and the 
vertical (y=0°) direction. Thus for horizontal transmission:
Vph = V(4/p) (Eqn 2-8)
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VsHH — V(7Wp) (Eqn 2-9)
VsVH — "V(Z/p) (Eqn 2-10)
And for vertical propagation:
Vpv — V(C/p) (Eqn 2-11)
VsHV — V(Z/p) (Eqn 2-12)
V sw  — V(Z/p) (Eqn 2-13)
From equations 2-10, 2-12 and 2-13 above it may be observed that propagation 
velocities of vertically polarised horizontally propagating shear waves, horizontally 
polarised vertically propagating shear waves and vertically polarised and propagating 
shear waves all rely on the same material constant:
From Equation 2-14, the shear wave propagation velocities will be equal for the 
following seismic geophysical test types: seismic cone penetrometer ( S hy) ,  standard 
( S vh)  crosshole, downhole ( S hv)  and uphole ( S w ) .  This implies that there is little to 
be gained during a site investigation by specifying more than one of the above 
techniques, other than as independent verification of each other.
Determination of the five elastic constants for description of cross-anisotropic soils 
requires the following wave form velocities to be measured:
S vh  = Vertically polarised, horizontally propagating shear waves 
S hh  — Horizontally polarised, horizontally propagating shear waves 
P h  = Horizontally propagating compressional wave
Vsvn — VsHV — V sw  — V(Z/p) (Eqn 2-14)
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Shb = Horizontally polarised shear waves propagating at angle 0  from the 
horizontal
Using the standard crosshole configuration (Ballard and Stokoe (1983)) three primary 
wave types can be generated and measured: vertically polarised, horizontally 
propagating shear waves ( S vh) ,  horizontally polarised, horizontally propagating shear 
waves ( S hh)  and horizontally propagating compressional waves (P h) .  The final 
required wave type that must be generated is a horizontally polarised shear wave 
propagating at an angle inclined to the plane of isotropy this may be accomplished 
using the downhole technique. The generation of different shear and compressional 
waves are summarised in Table 2-1.
The presence of ground water prohibits P-wave studies in soil because the propagation 
velocity of the wave through the pore fluid is usually close to that of water. This 
means that the desired arrival of the P-wave through the soil skeleton is masked and 
difficult to determine.
Although the method for standard crosshole follows the recommended procedure 
(Ballard and Stokoe (1983)), the field technique is open to some errors and 
uncertainties. Most are similar to the surface source to crosshole technique and are 
detailed in Chapter 3 and discussed in Chapter 7.
The use of vertically polarised surface waves or Rayleigh waves, as a characterisation 
tool has been included because of the speed and the ease of the technique and its 
potential as a useful tool to industry (Hvorslev (1949)).
Rayleigh waves were first predicted to exist in 1885 by Lord Rayleigh (1885) and 
techniques have been in use since the 1930’s (Hertwig, 1931, Jones, 1955) to exploit 
the dispersive nature of the waves. A wave is said to be dispersive when the 
propagation velocity and frequency, or wavelength, of a wave are not independent. 
Early reviews of the technique (Hvorslev, 1949) found the technique to be of interest 
but commented that the dispersive nature of the waves gives rise to computational
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problems. With the advent of modem computing power the technique has become 
more viable as a routine site investigation tool (Sutton and Snelling (1998)).
Derivation of the Rayleigh wave velocity-depth profile is known as inversion. The 
most simple inversion technique is the factored wavelength method (Gazetas (1982)). 
The factored wavelength method is an empirical technique whereby the measured 
Rayleigh wave velocity is assigned to a depth by factoring the wavelength usually by 2 
or 3. Gazetas (1982) suggests using X/2 for materials where the stiffness is constant 
with depth and A/3 where the stiffness increase is linearly with depth.
The Rayleigh wave technique employed for this research is given fully by Matthews et 
a / (1996).
2.1.3 Comparison of laboratory and geophysical measurements of stiffness
The largest obstacle to the use of seismic geophysics as a routine tool for stiffness 
determination during site investigation is the strain level at which testing is carried out. 
At small strains, typically smaller than 0.004% (Heymann (1998)), most geomaterials 
exhibit linear elastic behaviour. An upper bound estimate of the strain level generated 
during engineering seismic geophysics is less than 0.001% (Stokoe et al (1995)). This 
implies that the value of stiffness determined by seismic geophysics are within the 
range of non-strain dependent response of geomaterials, certainly those geomaterials 
tested by Heymann (1998).
Beyond the limit of elastic behaviour, soils exhibit marked degradation in stiffness, or 
strain softening, with increasing strain. Figure 2-2, after Mair (1993), gives examples 
of average strain levels mobilised around retaining walls, foundations and tunnels. The 
lower bounding value of strain shown mobilised around structures (Figure 2-2) is 
approximately 0.001%. This implies that most engineering structures generate strains 
that fall within the segment of the curve where the greatest degradation of stiffness is 
shown with increasing strain and hence well above that measured during seismic
2-11
geophysics. However, for the full soil-structure interaction to be modelled the 
complete stiffness-strain response must be determined (Burland (1989)).
The degradation in stiffness with strain for three geomaterials, namely Bothkennar 
clay, London clay and chalk have been measured by Heymann (1998.) The results 
reproduced in Figures 2-3 a to c, exhibit a linear relationship between stiffness and 
strain at low strain levels. This is followed by stiffness degradation with higher strain 
levels (Figures 2-3a to c).
Heymann (1998) suggested another role for seismic geophysics within the scope of site 
investigation. It was suggested that results from seismic surveys could be used to 
determine levels of sample disturbance for laboratory testing.
While seismic geophysical results may be used as a good measure of sample 
disturbance, it would be difficult to determine the effects of other site-specific 
conditions, such as Assuring and bedding which are present in some geomaterials.
The use of seismic geophysics as a guide to sample disturbance would require 
laboratory testing to be routinely carried out at very small strain levels or using local 
measurement of shear wave velocity. Measurement of shear wave velocity is becoming 
increasingly more popular as the tests may be carried out in conjunction with standard 
triaxial testing (Dyvic and Madshus (1985)) and for little increase in test time or cost.
2.2 Introduction to Bothkennar
The Bothkennar facility was purchased by the Engineering and Physical Science 
Research Council (EPSRC) for use by research establishments and commercial 
companies for the investigation and study of soft saturated clays. The site is 
positioned between Glasgow and Edinburgh off the A876 near the Kincardine Bridge 
(Figure 2-4).
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The site covers an approximate area of llha  with a clay depth of 16 to 20m of lightly 
over consolidated Carse clay. The site has a relatively uncomplicated soil profile down 
to the gravel layer below the Carse clays. The simple soil profile at Bothkennar 
benefits researchers in general through simplified back analysis of experiments carried 
out in situ and in the case of this research, the analysis of the recovered data is 
simplified.
After the Bothkennar site was purchased in 1987, a thorough site investigation was 
commissioned by the EPSRC through research grants to a number of institutions. The 
results of these initial investigations are presented in a Géotechnique symposium in 
print (Geotechnique (1992)). The initial grants covered investigation into the geology, 
engineering geology of the site and some trial footings and embankments.
2.3 Bothkennar Site Characteristics
During the nation wide search by the Engineering and Physical Science Research 
Council (now EPSRC) for a national test bed centre for soft clays an initial site 
investigation covered the site. The engineering geology and the engineering properties 
of the Carse clay that overlies the site were investigated to an approximate depth of 
-17m O.D., where gravel is succeeded by the Carse clay.
Here consideration of the soil properties at Bothkennar is focused on the Carse clays 
(a general name for the Flandrian silty-clay deposits in the mid and upper Forth 
Valley). Some attention is given to the underlying Bothkennar gravel due to its effect 
on seismic geophysical measurements near to the clay-gravel interface.
2.3.1 Bothkennar: Engineering Geology
The geology of Bothkennar and the engineering properties reported from previous 
investigations are reviewed in detail in order to characterise lateral and vertical 
homogeneity at the site and to investigate the evidence of fabric or inherent anisotropy.
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The Bothkennar site is situated on the foreshore of the Firth of Forth and is 
superficially composed of soft lightly over consolidated silty clay overlying gravel beds 
and Boulder clay. The nature of the infill deposits of the bed rock valley are shown in 
Figure 2-5.
The Carse Clay deposits present on site may be formally subdivided into two main 
formations; the Grangemouth and Claret formations (see Figure 2-6). These 
formations may be identified over 1 kilometre away and over the Grangemouth area, 
also to some extent the Forth valley (Paul et al (1991)). Locally, the main lithological 
units may be further sub-divided according to facies and soil fabric. While these sub­
divisions are significant on the Bothkennar site, they may not correlate with the main 
unit outcrops in other areas of the Forth river valley (Gostello and Brown (1986) as 
cited by Hawkins et al (1989)). The majority of the site is made up of the post-glacial 
Claret formation underlying the Grangemouth Formation between +lmOD and -  
17.4mOD.
2.3.1.1 The Claret Formation
The Claret beds are a sequence of micaceous clays of subtidal origin. Sedimentation is 
shown, from samples dated by accelerated mass spectroscopy (Paul et al (1994a)), to 
predominantly date from between 3000 to 5000 years before present and are believed 
(Hight et al (1992a) and Paul et al (1994a)) to have been deposited under conditions of 
falling water depth. Paul et al (1994a) suggest that deposition of the main Claret 
sequence occurred during marine regression following the Flandrian transgression. 
Hight et al (1992a) suggested a slight difference in depositional environment of the 
Claret beds, specifically that deposition occurred during a time of marine transgression 
but the rate of sedimentation (between 7 and 12mm/year) was greater than the rate of 
transgression again resulting in conditions of reducing water depth. Both Paul et al 
apd Hight et al agree that deposition occurred in generally sheltered conditions in 
saline water of reducing depth between 20 and 7m depth.
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Hawkins et al (1994) suggest that, at the Bothkennar site, the vertical variation of the 
beds is sufficiently self-consistent to be categorised into four sub-divisions based on 
lithological criterion. The nomenclature used for these units was LI through L5. Due 
to the concurrent nature of the initial investigations at the Bothkennar site different 
nomenclatures have been proposed by different researchers (for example, Hawkins et 
al 1989, Paul et al (1991), Paul et al (1992) and Hight et al (1992a)). For the purposes 
of this research the nomenclature suggested by Paul et al (1994a) has been summarised 
in table 2-2, will be adopted.
According to Paul et al. (1994a) the sub-division of the Claret formation may be made 
into, the basal, lower, middle and upper units in ascending order towards the interface 
with the Grangemouth formation (see Figure 2-6). Within the lithological units of the 
Claret beds, two primary facies may be identified, the mottled and bedded. These 
facies and their relative frequencies are used to distinguish between the four units of 
the formation. The following descriptions of the lithological units comprising the 
Claret formation are based on those presented by Paul et al (1994a)
Beddedfacies in the Claret Beds:
The bedded facies are composed of silty-clay to clayey-silt and the depositional 
sedimentary structure of bedding is still visible and intact. The bed thickness varies 
from 2-3 mm up to 100mm.
The soil is of an open honeycombed structure with clay particles in edge-edge contact 
and edge-face contact. The average particle size is between 4 and 5 pm with clay 
composing 35 to 45% of the soil. Some silt particles are in evidence floating in a clay 
matrix. Pore sizes range from 10 to 20pm downward.
The bedded facies contains a sub-group of facies, laminated facies. The laminated 
facies are similar to the bedded facies except some of the beds demonstrate silt laminae 
in the bedding surfaces of 1 to 2mm in thickness. The frequency of occurrence of the 
laminae is between 50 and 100mm. Some thicker beds (10 to 20mm) exist between 
8.8 and 9.4m below the surface of medium coarse sand (Paul et al (1991)). These
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laminae are assumed (Paul et al 1991) to have been deposited due to channel bank 
erosion during storms.
Mottled facies in the Claret Beds:
Throughout the mottled facies the soil type is predominantly silty-clay where the 
depositional bedding and laminations have been all but destroyed due to bioturbation. 
The mottles are caused by the burrowing of micro and macro organisms. The mottles 
are of between 1 and 10 to 20mm in diameter and can occupy between 20 and 100% 
of the cross-sectional area in vertical section. Three main classifications of mottling 
have been identified by Paul et al (1991):
• Sparse, which are usually the largest individual mottles typically up to 
10mm.
• Small, which contain individual mottles of 5-10mm and cover up to 50% of 
the vertical cross sectional area.
• Dense, which are made up of fine thread like mottles.
Some minor laminae of unmottled material may be present within the mottled facies 
these are assumed to be from short periods of erosion during deposition.
The soil structure within the mottled facies shows extensive evidence of biogenic 
disturbance. The average particle size in the mottled facies is 3pm with 40 to 50% 
composition of clay
The Basal division o f the Claret formation
The basal unit, at the bottom of the formation, is slightly anomalous to the rest of the 
formation in that deposition took place approximately between 6500 and 8500 years 
before present (Paul et al (1994a)) during the Flandrian marine transgression. Some 
authors (Smith (1992), Paul et al (1991)) have reported the unit to be a constituent of 
another formation local to the Forth Valley the Letham beds. The unit consists entirely 
of bedded facies.
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The Lower Division of the Claret formation
The lower division of the Claret formation is characterised by the presence of mottled 
facies. The mottling is present in sufficient density to obscure primary depositional 
structure. Overall bedding within the division is visible.
The Middle Division of the Claret formation
The mottled facies within the Middle division are predominant with the mottles being 
so dense that up to 100% of the vertical cross sectional area may be covered in 
mottles. The mottling also demonstrates a cyclic nature from large, low density 
mottles becoming upwardly finer and denser. The cycles are repeated at approximately 
500mm intervals.
The Upper Division of the Claret formation
The upper division demonstrates primarily bedded facies with some silt laminae and a 
coarser grain size. Little mottling is present although numerous macroscopic burrows 
are present. The lower boundary of the division with the middle division is defined as 
where the macroscopic burrows become discernible.
Figure 2-7 shows a block diagram (after Paul et al (1992)) of the site showing the 
relationship between the Claret formation over the Bothkennar site.
Paul et al. (1994b) note that the essential feature of the sequence is the transition from 
subtidal to intertidal conditions during sedimentation. This is reflected in the upward 
coarsening of the median grain size and the increased mottling density, which is in turn 
replaced by macroscopic burrows.
The top of the Claret formation is delineated by an erosion surface unconformity and a 
shell bed that marks the commencement of the Grangemouth formation.
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2.3.1.2 The Grangemouth Formation
The Grangemouth formation is made up of clayey silts and silty clays with some sandy 
pockets. The formation may be subdivided into three categories according to the 
depositional history, the Skinflats, Saltgreen and Grangemouth Docks members. The 
Grangemouth Formation is dated as being younger than 3000 years with the last 
member, the Saltgreen, being just over 200 years old. The remainder of the formation 
was laid in a mixed series of intertidal and tidal channel sediments.
The Skinflats member o f the Grangemouth Formation
The Skinflats member is the oldest of the Grangemouth sequence and terminates the 
Claret beds upwardly. The member is a thin layer (typically less than 1m thick) of 
clayey-silt. The member is most substantial in the western edge of the site and 
decreases in thickness towards the east until it is cut out by the Grangemouth Docks 
member of the sequence.
The Saltgreen member of the Grangemouth Formation
The Saltgreen member was formed by foreshore reclamation work carried out around 
1790 (Cadel (1929)) in the form of earth bunds that surround the site. Since 
deposition, the Saltgreen member has been desaturated by the installation of land 
drains, this and modem pedogenesis has caused an oxidised, weathered and desiccated 
crust to form across the site to a depth of between 1 and 1.5m.
The Grangemouth Docks member o f the Grangemouth Formation 
The Grangemouth Docks member only occurs in the south eastern area of the site 
where it cuts the upper Claret beds. Figure 2-7 and does not impinge on the area under 
investigation for this research.
The Grangemouth Docks member is suggested (Hawkins et al, 1989) to be a channel 
flank left by the cut and fill sequence of the River Forth.
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2.3.1.3 Bothkennar Gravel
In comparison to the Carse clay, relatively little attention has been paid by other 
researchers to the Bothkennar gravel. This may be because many of the experiments 
carried out at Bothkennar were affected by the deposits nearer to the ground surface. 
For example. Jardine et al. (1995) considered foundation rafts loaded to failure where 
the depth of influence would be limited to approximately 6m for 2.4m square rafts.
When the full depth of the clay deposits are to be investigated using seismic geophysics 
some attention must be paid to the underlying strata. The Bothkennar gravel will 
affect the propagation of elastic waves through the adjoining clay deposits by the 
propagation of head waves through the gravel being the first signal arrival at the 
receivers. This effect is considered in Chapters 3 and 7.
The Bothkennar gravel is classified by Hawkins et al (1989) as being compact sandy 
coarse gravel with cobbles and boulders, sometimes with a clay matrix. This definition 
implies that the mass stiffness of the gravel unit will be considerably higher than the 
overlying Carse clays.
2.3.2 Engineering Properties of Geomaterials at Bothkennar
Most of the parameters measured at Bothkennar in previous investigations are not 
directly relevant to this research. However, some are good indicators of the 
homogeneity of the site as a whole. In light of this, the general engineering properties 
of the site will be examined briefly with attention centring on tests that have been 
performed and reported for the vicinity of the geophysical surveying.
2.3.2.1 General Engineering Properties 
Classification tests
Using the sample cores retrieved for the initial site investigation, Hawkins et al (1989) 
carried out natural plastic and liquid limit tests for the Carse clays. The Atterberg
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limits are fairly constant with depth typically between 35% and 75% between 3 and 
15m (Hawkins et al (1989)). The moisture content was shown to be near to the liquid 
limit to depths of 10m and then to fall towards the interface with the Bothkennar 
gravel (Figure 2-8) due to drainage via the gravel. A typical set of Atterberg limits 
results for the site are also shown in Figure 2-8.
Strength Measurement
The results of Delft push cone tests carried out as part of the initial site investigation 
are shown in Figure 2-9a, after Hawkins et al (1989). The most relevant of these 
results to the current research are those of tests 5,16 and 18 (for locations see Figure 
2-10). The cone penetration results show a linear increase in cone resistance with 
depth after a depth of 2m b.g.l. and until the gravel is encountered between 16 and 
20m below the surface.
Figure 2-9a shows the results from areas of the site excluding areas that include the 
laminated Grangemouth Docks member of the Grangemouth formation. The 
Grangemouth Docks member only occurs in the south-eastern comer of the site. The 
cone penetrometer results demonstrate the lateral homogeneity of the strength 
properties of the clay across the site. The data also indicate the depth of the clay to 
the interface with the gravels of between approximately 17.5m b.g.l and 19.5m b.g.l in 
the test adjacent to the experimental area for this research. Figure 2-9b shows the 
cone penetrometer testing results from the laminated area of the site. These results 
differ at elevations where the laminated facies are present (between 2 and 7m b.g.l), 
however, the remainder of the profiles are consistent across the rest of the site.
The cone penetrometer results also indicate the presence of a desiccated crust with a 
thickness of approximately 1m that extends over the site. This crust has evolved as the 
result of modem pedogenesis and dewatering of the Saltgreen member of the 
Grangemouth formation site as discussed previously in Section 2.3.1.2.
Permeability Anisotropy
A study of the permeability anisotropy at the Bothkennar site has been summarised by 
Hight et al (1992a) and is reproduced in table 2-3.
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The anisotropy ratio rk :
rk = holK o  (Eqn 2-15)
where kho and kvo are the horizontal and vertical permeability respectively is between
1.1 and 1.6 for the upper 12 metres and then rises to 2.4 at 15m. The higher values of 
rk at depth were due to the test being carried out in a region of bedded facies.
Depth:
M
Permeability:
m/s x 10"9
Anisotropy 
Ratio rk
kv0 kho
3 1.4 1.5 1.1
6 1.7 2.7 1.6
9 1.3 1.6 1.2
12 0.8 0.9 1.1
15 0.5 1.2 2.4
Table 2-3 Permeability anisotropy ratio (after 
Hight et al, 1992a)
The lower values of the anisotropy ratio are linked to the occurrence of the mottled 
facies. This would be expected due to the destruction of the primary depositional 
structure within the facies.
The variation of the permeability anisotropy ratio is a good indication of inherent or 
structural anisotropy. As expected, the facies with highest permeability anisotropy are 
the bedded facies where the depositional structure is preserved. Overall, the 
permeability anisotropy measurements given by Hight et al (1992a) indicate that there 
is little structural anisotropy.
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2.3.2.2 In-situ Stresses
Several in-situ and laboratory studies have been undertaken previously to determine 
the horizontal and vertical effective stress regimes present in the Carse clays (for 
example, see Nash et. al (1992)).
The vertical effective stress regime has been calculated by Heymann (1998) based on 
Nash et al (1992). Heymann (1998) approximated the vertical effective stress to the 
following equation:
<jv’ = 0.617z +11 (Eqn 2-16)
Where z  is the depth below ground level. The in-situ pore water pressure regime was 
determined to be hydrostatic using push-in piezometers (Nash et al (1992)) and the 
water table was found to occur between 0.5 and 1m below the ground surface.
Values determined for Ko, the coefficient of earth pressure at rest, by Nash et al (1992) 
are shown in Figure 2-11. The Ko profile given in Figure 2-11 was determined from 
assumption of the vertical effective stress and in-situ measurements of the horizontal 
effective stress.
Measurements of the horizontal effective stress were made using self-boring 
pressuremeter tests, dilatometer and spade cells (Nash et al. 1992).
2.3.2.3 Stiffness Determination
As previously discussed, in section 2.1, the determination of stiffness may be 
subdivided into direct and indirect techniques. The same subdivisions will be applied 
here for stiffness determination at Bothkennar by other researchers.
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Directly determined stiffness measurements
The high dependency of the stiffness of clays upon the strain level (Mair (1993)) at 
which the measurements are made means that there is little analogous data for 
comparison with stiffnesses determined using seismic geophysics.
In most cases, for example Clayton et al (1992), stiffnesses are reported in terms of 
secant stiffness. Secant stiffness values will be artificially low when compared with 
geophysical data unless the testing is carried out at a sufficiently low strain level that 
measurements are made with in the linear elastic range of the soil. A more 
comparative parameter would be the tangential stiffness though this is rarely reported 
due to the nature of the tangential stiffness to amplify scatter from uncertainty in the 
data.
Due to the very small displacements to be measured during small strain triaxial testing 
and the resolution and accuracy of local strain measuring devices, most authors only 
report secant stiffnesses for the Bothkennar site down to around 0.005% axial strain 
(for example Atkinson et al (1992), Hight et al (1992a) and Hopper (1992)). 
Stiffnesses measured at 0.005% are normally considered as small strain stiffness. The 
limit of strain-independent stiffness response measured by Heymann (1998) is 0.004% 
and predicted by Smith (1992) as 0.002%. Thus, the measurements of stiffness given 
by Atkinson et al (1992) Hight et al (1992a) and Hopper (1992) are not considered to 
be within the linear-elastic range of the soil. For this reason, without applying 
corrections for strain level the result reported by Atkinson et al, Hight et al and 
Hopper may not be reasonably compared to seismic geophysical results.
Ultra small strain triaxial tests have been carried out on Sherbrooke sampled 
Bothkennar clays by Heymann (1998) who reported stiffnesses measured at axial 
strains down to 0.0001% (Figure 2-3a). Though the scatter in the data means that the 
results may only be reported confidently down to approximately 0.0009%, Heymann 
(1998) suggests that the scatter below 0.0009% may solely be due to random noise in 
the data and so may be averaged to show the linear elastic properties of the soil more 
clearly. The strain levels measured fall within the previously assumed linear elastic 
response of the soils, which were predicted by Smith (1992) to extend to axial strains
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of 0.002%. The results reported by Heymann (1998) should be comparable to results 
that are obtained using seismic geophysics for a similar depth. In making comparisons 
between in situ seismic and laboratory data, other factors must however be taken into 
consideration such as sampling and sample preparation disturbance.
Indirectly determined stiffness measurements
There is little published data available regarding Bothkennar for indirectly determined 
stiffness. Some seismic geophysics has been carried out including seismic cone 
(SCPT) testing (see for example Hepton (1989) and Powell and Butcher (1991)). The 
standard crosshole technique has also be used on site at Bothkennar using both 
vertically and horizontally polarised shear waves (Powell and Butcher (1991) and 
Hope et al (1999)).
The SCPT results presented by Hepton (1989) and by Powell and Butcher (1991), 
display similar findings (Figures 2-12a and 2-12b respectively). Both surveys show an 
approximately linear increase in shear wave velocity with depth. Powell and Butcher 
(1991) report shear wave velocities rising from 92ms  ^at an elevation of approximately 
+lm A.O.D. to 165ms'1 at -14.2m A.O.D.
Standard crosshole surveys have been carried out on site by the Building Research 
Establishment (BRE) using both horizontally and vertically polarised horizontally 
propagating shear waves. The results of the vertically polarised BRE survey are given 
in Figure 2-13, after Hope et al (1999). The results appear to be of good quality but 
there are large data gaps between -1m O.D. and -6m O.D. No reason is given for 
these gaps in the data. Like the SCPT data, the standard crosshole data given by 
(Hope et al (1999)) also shows an increase in shear wave velocity with depth. At -1m 
O.D., shear wave velocities of 85ms"1 are reported. The velocity increases 
approximately linearly to 175ms"1 at -13.2m O.D.
Horizontally polarised, horizontally propagating crosshole tests have also been 
conducted at Bothkennar by BRE (Hope et al 1999) and the results are reproduced in 
Figure 2-14. The survey was carried out using the standard crosshole configuration 
and a rotary hammer source was used to provide horizontally polarised shear waves at
2-24
depth. The data presented in Figure 4-13 and 4-14 show similar form to the seismic 
cone results in that the shear wave velocity is shown to increase with depth.
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Wave Type Polarisation Propagation Available Techniques
Shear Vertical Horizontal Crosshole
Shear Horizontal Horizontal
Crosshole 
Surface to crosshole
Shear Horizontal Vertical Downhole 
And Uphole
Shear Vertical Vertical Uphole
Shear Horizontal Inclined Downhole
Compression N/A Horizontal Crosshole
Table 2-1: Available techniques to generate given wave types, polarisations 
and propagations necessary to fully characterise cross-anisotropy.
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Figure 2-1: Factors affecting the mean effective stress in specimens of soft clay 
(after Hight et al (1992b))
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Figure 2-2: Idealised geomaterial stiffness degradation with increasing strain 
(after Mair (1993))
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Figure 2-3: Measured geomaterial stiffness degradation with increasing strain 
(after Heymann (1998)) for (a) Bothkennar clay
(b) London clay
(c) Chalk
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Figure 2-4: Bothkennar site location (a) General area
(b) Local site area (after Hawkins et al (1989)
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Figure 2-5: Bedrock valley infill of the Firth of Forth 
(after Gostelow and Brown (1986))
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Figure 2-6: General site lithography (after Paul et al (1992b))
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Figure 2-8: Typical Atterberg limits and moisture content results for Bothkennar
(after Paul et al (1992))
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C o n e  R e s i s t a n c e  (MN/m2)
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Figure 2-9: Delft push cone results for Bothkennar (after Hawkins et al (1989))
(a) Not including laminated area
(b) Including laminated area
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Figure 2-10: Location of Delft push cone tests (after Right et at (1992a))
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Figure 2-11: Measured coefficient of earth pressure at rest profile 
(after Nash et al (1992))
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Figure 2-12a: Shear wave velocity profile from seismic cone penetrometer 
for Bothkennar after Hepton (1988)
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Figure 2-12b: Stiffness from seismic cone penetrometer for Bothkennar 
after Powell and Butcher (1991). (Data from other seismic 
techniques has been omitted for clarity)
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Figure 2-13: BRE Standard ('Svh ) crosshole results (after Hope et al (1999))
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Figure 2-14: BRE Standard (Sh it [) crosshole results (after Hope et al (1999))
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3. DEVELOPMENT OF THE SURFACE SOURCE TO CROSSHOLE 
TECHNIQUE
The surface source to crosshole method is a novel technique first implemented by the 
author in the course of this research. The technique exploits ray-path curvature 
properties in soils where stiffness changes with depth. The method utilises a simple 
sledge hammer and beam surface source and only requires installation of two lined 
boreholes instead of the normal three boreholes required for the standard crosshole 
technique. The method is applicable in any geomaterial where the stiffness of the 
ground increases with depth.
In a medium in which the stiffness increases with depth, shear waves will propagate 
along curved paths. This is a source of potential inaccuracy in the standard crosshole 
technique (Hryciw (1989)) if the travel path between the receiver boreholes is assumed 
to be a straight, horizontal line (Stokoe et al (1983)). However, in the surface source to 
crosshole technique the curvature of the wave path is exploited.
If the stiffness of the material under test increases linearly with depth the propagation 
will as a circular arc (Hryciw (1989)) below the assumed straight line of travel (Figure 
3-1). The arc formed between the two receiver boreholes may be extrapolated back to 
the ground surface at point S  in Figure 3-2. From Figure 3-2 it can be seen that if the 
situation is reversed and the shear wave is generated at the ground surface point S  the 
first arriving shear wave at both receivers will follow the same curved path.
At a distance ofL  (Figure 3-2) from the source, at some depth, the wave front will be in 
the nadir of the arc. With the two receiver boreholes situated equidistantly either side of 
the nadir the travel path between the two receivers is approximately horizontal. In this 
way, horizontally polarised shear waves can be produced at differing depths similar to 
the standard crosshole technique but with out the use of a specialised down-hole source.
For a given stiffness depth profile the nadir depth of the arctuate wave path, and hence 
the depth at which the wave will pass the receiver boreholes, is changed by altering the
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offset distance, Z, of the source. As the source offset, Z, is increased the nadir of an arc 
remains at the same lateral location but at some greater depth (Figure 3-3).
If the geomaterial under test increases in stiffness with depth and the surrounding 
ground surface is large enough to enable the source offset to be sufficiently varied, the 
wave curvature property enables evaluation of the variation in S h e  velocity with depth.
3.1 Surface source to crosshole field technique
The surface source to crosshole technique may be implemented by installing 
horizontally polarised receivers in each receiver borehole at the same known elevation.
At the inception of a survey, the exact source position needed to generate the required 
arc for a given receiver depth, with the nadir centrally between the boreholes is not 
known. To overcome this, a series of source offset positions is used to ensure coverage 
of the optimum position (Figure 3-4).
For each source position, the source is actuated in the two opposing directions 
perpendicular to the line of the boreholes (Figure 3-5) to provide reversals in the first- 
arrival shear waves. The travel times of the first arriving horizontally polarised shear 
waves at each receiver are determined from the acquired data or “picked” (see Section
3.3.2).
To determine the first arrival time at each receiver the time responses of two opposing 
source actuations are plotted for the first receiver. The first arrival of the shear waves 
may be determined at the point where a reversal appears between the two time traces 
(Stokoe and Abdel-Razzak, (1975)). A sample is given of this in Figure 3-6. The first 
arrival of the shear wave is picked at the 180° reversal in the deflection of the trace 
(Figure 3-6).
The picking procedure is repeated for the second receiver, for the same source 
actuations. The elapsed time between the picks of the first arrivals at each receiver is 
the time interval. This calculated time interval will be referred to as the apparent travel
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time, Ata, because the time interval calculated is not necessarily the travel time of a wave 
travelling along a single wave path between the receivers apart from when the optimum 
source position is being used.
For a single receiver elevation, all of the apparent travel times are plotted against the 
source offset, L. An example of an apparent travel time - offset plot is given in Figure 3- 
7. The data presented in Figure 3-7 shows twelve source locations with up to 21m offset 
from the lateral centre of the boreholes. This data was acquired for a receiver depth of 
10m b.g.l at Bothkennar.
The peak value in the apparent time interval-offset curve occurs when the most 
horizontal wave path between the boreholes is achieved: this is the true travel time, Att, 
between the receivers. The maximum value of the apparent travel time -  offset plot is 
ascertained by fitting a curve though the data. This may be done in a standard 
spreadsheet.
With the determination of the travel time, Att, the S h h  velocity, Vsjm, may be calculated 
using the borehole interval, /:
Vsjih = / / Att (Eqn 3-1)
Equation 3-1 assumes the straight travel path for the first arriving shear wave in the 
same manner as the standard crosshole method. Corrections may be made (after Hryciw 
(1989)) for the curvature in the travel path between the two receivers. Ray path 
curvature corrections will be necessary where the increase in stiffness with depth is 
sufficient that significant error is introduced into the measurement of shear wave 
velocity by the wave travelling through stiffer material at depth.
The receiver elevation is then lowered and another series of source locations used to 
generate a further time interval-offset plot. As the receiver depth increases, the optimum 
source offset also increases, so the series of source offsets is increased to ensure 
coverage of the optimum source position.
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The generation of an apparent travel time -  source offset plot for each receiver elevation 
results in large amounts of fieldwork and processing time being expended. The 
efficiency of the surface source to crosshole method can be increased if the approximate 
position of the optimum source location can be predicted. Then, as only sufficient data 
is required to enable the determination of the maxima in the time interval-offset plot, the 
amount of fieldwork is reduced.
3.2 Effective use of the surface source to crosshole technique
A technique has been developed to predict the location of the optimal source offset for 
each receiver elevation which utilises the results of standard Svh crosshole testing.
Use of previous standard crosshole survey results enables an approximation of the 
source locations to be calculated using the equations put forward by Hryciw (1989) for 
travel path curvature corrections between boreholes during standard crosshole surveys.
One of the corrections given by Hryciw (1989) is for a geomaterial where shear wave 
velocity increases linearly with depth, i.e. where the shear wave velocity at the test depth 
can be expressed as:
V=V0 + mz (Eqn. 3-2)
where z is the required test depth, Vo is the propagation velocity at the ground surface (or 
where z = 0) and m is the increase in propagation velocity per metre depth. By 
approximating the standard ( S v h )  crosshole results to a linear profile, values for z, m and 
Vo may be determined.
The depth of the nadir and hence the most horizontal travel path is calculated by 
equations 3-3 and 3-4:
L = — ^ —  (Eqn 3-3)
m tan 0O
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where 0o is defined in Figure 3-2:
^ ^ c o s é ^ ] (Eqn. 3-4)
OTtani?/ 0J
Equations 3-3 and 3-4 may be iterated using different source offsets, Z, until the required 
value for the receiver depth, z, is ascertained. Once the required depth value is achieved 
within a given tolerance, L locates the predicted shot position from the lateral centre line 
between the boreholes.
Even with the predicted optimal source offset position established a number of source 
positions are needed, extending each side of the location to ensure coverage of the 
required optimal source position, for a given receiver depth. The extent of the source 
offset array on each side of the predicted optimal source offset is dependent on the 
confidence in the linear approximation of the vertically polarised crosshole results.
3.3 Potential errors: V h h  determination using surface source method
Most of the potential errors that may affect the surface source to crosshole technique are 
similar to those that affect the standard crosshole technique (see for example Ricketts et 
al (1996)). However, non-systematic uncertainties are diminished in the surface source 
to crosshole method. This is due to the curve fitting of the apparent travel time -  offset 
data for each elevation, as the curve fitting process will average random errors. The use 
of curve fitting may introduce the possibility of further error. The curve fitting for this 
research has all been achieved using Microsoft Excel spreadsheet routines and then 
checked against hand fitted curves.
The potential uncertainties that can affect the surface source to crosshole technique can 
be subdivided into physical, travel time determination and velocity determination errors. 
These are considered below:
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3.3.1 Potential physical errors: borehole deviation
Borehole deviation surveys should be carried after the installation of the boreholes to 
quantify the extent of lateral deviation from the intended centre line.
Given the softness of the clay at Bothkennar, the general homogeneity of the site and 
lack of inclusions it should be straightforward to install true vertical boreholes. 
Verticality surveys were performed for each of the boreholes installed at Bothkennar 
using a bi-axial inclinometer sonde. The results of the surveys are given in Appendix B. 
The maximum drift was 319mm. The effects of this drift would be compounded if an 
adjacent hole shows a drift in an opposing direction. For a nominal 5m borehole 
separation, the magnitude of combined drift in two neighbouring boreholes would result 
in an error of almost 13% in the calculation of the wave propagation velocity at the site.
3.3.2 Potential travel time determination errors: leading edge picking
Similar to the standard crosshole technique the ability to accurately pick the leading 
edge of the arriving shear wave is fundamental to the accuracy of a surface source to 
crosshole survey. Picking is made more difficult by the presence of background noise 
which may obscure the leading edge of the shear wave. Care should also be taken to 
ensure that the first break of the first arrival is not obscured by the preceding 
compressional wavetrain. The effect of conjoined compressional and shear waves is 
more likely in the standard crosshole technique than the surface source to crosshole 
technique due to the larger distances between the source and the receivers in the latter 
technique. Larger distances between the source and receivers allows for the faster 
compressional wave train to separate from the shear waves. The effects of 
compressional waves on the picking process are further reduced by the nature of the 
source used for the surface source to crosshole technique. A lateral blow of a hammer 
perpendicular to the line of the boreholes will input less energy into the ground as 
compressional waves along the propagation path of the shear wave than a standard 
crosshole source.
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3.3.3 Potential velocity determination errors: ray path curvature
In the standard crosshole method proposed by Ballard and Stokoe (1983) it is assumed 
that the travel path between the two sensors will be a straight line (Figure 3-1). While 
corrections are usually made in the standard crosshole technique for ray path deviations 
in layered soil-rock systems the need for corrections due to the ray-path curvature in 
single layer soil systems is usually neglected (Hryciw (1989)).
In a material where the stiffness changes with depth the form of the travel path for the 
first arriving shear waves at the receivers will not follow a linear travel path (Hryciw 
(1989)). The curvature of the travel path will be dictated by the rate-of-change of 
stiffness with depth. Here, only the situation of increasing stiffness with depth will be 
considered as such increase in stiffness with depth is required for the surface source to 
crosshole technique to be viable.
The effect of ray path curvature for materials with increasing rate-of-change of stiffness 
with depth is shown in Figure 3-8 (after Hryciw (1989)). Figure 3-8 demonstrates the 
change in the ratio of the measured velocity to the actual velocity for increasing rate-of- 
change of stiffness and for different at-surface stiffnesses for a borehole separation of 
6m. From Figure 3-8, it may be noted that the velocity ratio of measured:actual 
velocities may be as low as 0.75 for a material with an increase in shear wave velocity of 
slightly greater than 30ms'1 per metre and a near surface velocity Vo of 50ms"1.
The corrections for ray path curvature to the standard crosshole technique suggested by 
Hryciw (1989) require the exact determination of the source actuation time. To. To 
apply ray path curvature corrections (after Hryciw) to the surface source to crosshole 
data requires the determination of a comparable parameter. A comparable parameter for 
the surface source to crosshole technique is the exact time that the propagating shear 
wave enters the test section. Hence, the trigger event required for ray path corrections is 
the picked time of the first arrival at the first receiver, Tj.
At Bothkennar the typical increase in shear wave velocity with depth is 5ms'1 per metre 
depth and an at surface shear wave velocity of approximately 75ms'1. From Figure 3-8,
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the calculated ratio of actual to measured shear wave velocity is less than 1%, for this 
reason corrections will not be made to shear wave velocities measured at Bothkennar.
3.4 General limitations to the surface source to crosshole method
Due to the reliance of the technique on the ray curvature properties, the surface source 
technique is only viable where materials increase in stiffness with depth.
A large, unobstructed and level strip of ground is required in line with the boreholes. At 
Bothkennar the largest source offset distance used was 33m for a receiver depth of only 
17m. For a given receiver elevation the source offset required will decrease with 
increasing rate-of-change of stiffness per metre depth.
Other constraints are placed on the technique such as the level of background noise and 
the installation of lined boreholes.
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Path a - Assumed straight path 
Path b - Curved ray path
@  Receiver
Figure 3-1: Assumed straight travel path and the actual curved path of first
arriving shear wave in crosshole testing for a geomaterial where 
stiffness increases with depth.
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Figure 3-2: Extrapolation of ray path curvature between boreholes 
back to the ground surface
£I
j
Figure 3-3: The effect of differing source positions for common centreline, 
surface generated shear waves
£Figure 3-4: Coverage of the optimum source position at a given receiver
elevation for a surface source to crosshole survey
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Figure 3-6: An example of a surface source to crosshole time domain
trace showing reversal at the shear wave first arrival
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Figure 3-8: Actual / measured shear wave velocities for a geomaterial where
stiffness increases with depth for differing surface stiffnesses (after 
Hryciw (1989))
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4. EXPERIMENTAL PLAN
The primary objective of this research is the further characterisation of the Soft Clay 
Test Bed Site at Bothkennar using seismic geophysical methods. The field work that 
must be carried out to achieve the primary objective, of further characterising the 
Bothkennar site, results in an extensive seismic geophysical investigation encompassing 
traditional techniques and some innovations.
The nature of the research, to utilise different shear wave techniques on the same 
volume of soil, yields one of the secondary objectives of this research, comparison 
between techniques. As different shear wave techniques utilise different wave 
polarities and propagation directions within the soil skeleton, the opportunity to test 
the methods in the relatively controlled environment of Bothkennar is beneficial. 
Bothkennar is suited to field testing the methods under investigation due to a high 
degree of lateral and vertical homogeneity found within the Carse Clay on site (Section
2.2). The high degree of isotropy at the Bothkennar site gives the opportunity of 
comparison between the different seismic techniques that use different shear wave 
configurations. The site has very little ground borne vibration, which aids repeatability 
and confidence in the data gained.
Sufficient testing was planned to categorise as far as practicable, the level of cross­
anisotropy present on the Bothkennar site. From Section 2.1.2, the following wave 
type velocities would need to be measured in order to fully describe any cross- 
anisotropic stiffness present: S vh , S hh, Sne and P h . From Table 2-1, these velocities 
may be measured using the following techniques:
S vh  by standard crosshole
S hh by standard crosshole
Sne by downhole 
and Ph by standard crosshole.
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It was not expected that the compressional wave velocities would be measured for the 
site. This was due to the presence of the water table within 1m of the ground surface. 
The presence of the pore fluid generally prohibits the measurement of the 
compressional wave velocity due to the compressional wave being transmitted by the 
pore fluid rather than through the soil skeleton.
An area to the east of the Bothkennar site offices (figure 4-1) was set aside by the 
Bothkennar Site Management Committee for geophysical and in-situ testing under 
EPSRC research grant GR/J 91821 awarded to the University of Surrey. The 
designated area is in a relatively homogenous part of the site which displays most of 
the geological properties common to the site in general (see Section 2.2). The 
geophysics area adjoins the area where similar samples were extracted for triaxial 
testing at very low strains again at the University of Surrey under EPSRC grant GR/K 
23850.
4.1 Test site installation
Lined boreholes were to be installed in the geophysical test area. The arrangement of 
the boreholes (Figure 4-2) was chosen to maximise the number of different surveys 
that could be carried out. The orthogonal testing Bays 1 and 2 were arranged such 
that one borehole was common to both bays. Each bay contained four co-linear 
boreholes. The standard crosshole technique suggested by Ballard and Stokoe (1983) 
recommends the use of three co-linear boreholes. If testing is to be carried out in both 
forward and reverse directions using the three-borehole crosshole technique the same 
volume of soil will not be under test in both directions (Figure 4-3). When four co- 
linear boreholes are installed, the same volume of soil may be investigated in both 
forward and reverse directions (Figure 4-4) allowing for greater comparison of the 
surveys.
The existence of the two perpendicular testing bays was planned to allow some insight 
into the extent of azimuthal stiffness anisotropy present on the site.
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The installation of the boreholes is covered in Section 5.1.
4.2 Geophysical testing
Inclusion of the standard crosshole method within this research is due to the strength 
of the technique for the determination of cross-anisotropic stiffness parameters and its 
prevalence over other seismic techniques in contemporary geotechnical site 
investigation (Ricketts et al (1996)). The prevalence and degree of acceptance of the 
standard crosshole technique in the geotechnical engineering qualifies its use in this 
research as a datum for the other techniques under investigation.
It was proposed to carry out standard ( S vh)  crosshole surveys in both directions of 
both testing bays. The testing of two perpendicular bays was planned to allow some 
insight into the degree of anisotropy present on site. If similar results are yielded it 
may be assumed that there is a horizontal plane of stiffness isotropy, and so the site 
may be considered as cross anisotropic.
Investigation of the repeatability of the standard crosshole technique was also to be 
undertaken by repeating surveys in one direction for a single test bay. The repeat 
surveys were to be carried out at different time intervals. Initially, the survey was to 
be repeated in quick succession, subsequently, the survey was to be repeated at time 
intervals.
The crosshole surveys to be carried out by the author would principally follow 
methods suggested by Ballard and Stokoe (1983). The only planned deviation from 
the method suggested by Ballard and Stokoe being the use of four co-linear boreholes 
in each testing bay. The field data would be analysed in the manner suggested by 
Ballard and Stokoe (1983).
The horizontally polarised horizontally propagating ( S hh)  standard crosshole was 
originally planned to be carried out using a source produced by the Building Research 
Establishment. When the BRE source became unavailable, the surface source to
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crosshole method described in Chapter 3 was developed to allow the Shh crosshole to 
still be carried out.
Two surface source to crosshole surveys were planned. The first was a trial of the 
technique using only a single geophone elevation. The trial survey used an extended 
array of source offsets to ensure the coverage of the optimum source position and 
checked that the source offset prediction method was viable. Following the trial 
survey a full survey was planned between 1m b.g.l. and the base of the boreholes at 
approximately 18m b.g.l.
Use of the downhole technique was also planned using a large source offset so as to 
allow the measurement of the Sne wave velocity.
In addition to the techniques being used to ascertain the degree of anisotropy present 
on site the continuous surface wave technique would be used to further characterise 
the site. The inclusion of the continuous surface wave technique was planned because 
the technique gives good resolution of stiffness measurements in the near surface. This 
is one area where the standard crosshole method is generally unable to produce results 
of good quality.
Two different surface wave systems would be used for the current research, one 
assembled by the University of Surrey (UniS) and the other a commercially available 
system manufactured by GDS Instruments Ltd (GAS). The principal difference 
between the two systems is the source. While the UniS system employs a source with 
an inertial mass of 14kg the GDS system relies on a source with 75kg of inertial mass. 
The larger inertial mass allows the GDS system to produce larger amplitudes at lower 
frequencies, down to 5Hz, as opposed to 8Hz from the UniS source. For a uniform 
material with a Rayleigh wave velocity of 200ms'1 the difference in depth penetration 
would be 5m using the factor of three for the wavelength inversion.
Other techniques that were planned for use as part of this research but are not included 
here are the uphole technique and the spectral analysis of surface wave technique. The
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results of the uphole technique will not be reported here because the quality of the 
results were poor. The spectral analysis of surface waves technique was not included 
because the results are repetitious of the continuous surface wave results.
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Figure 4-1: General location of boreholes at Bothkennar (after Hope (1999))
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Figure 4-2: Proposed borehole arrangement and test bay layout at Bothkennar
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5. FIELD WORK AT BOTHKENNAR
The fieldwork carried out at Bothkennar may be divided into the test site installation, 
geophysical testing and the field equipment used to carry out the geophysical testing. 
The installation of the test site was not carried out on site by the author but was 
carried out under the supervision of the University of Surrey. All the seismic 
geophysical testing conducted as part of this research has been carried out by the 
author.
5.1 Test Site Installation
Nine boreholes were installed (Figure 5-1). In pursuance of the experimental plan the 
layout of the boreholes were installed to create two perpendicular testing bays (Figure
4-2). The separations of the borehole tops is given in Figure 5-1. The two testing 
bays created have been used for all of the borehole based surveys. The area between 
and around the boreholes has been used for the surface based surveys.
The method statement for the borehole installation is given in Appendix B along with 
the drillers’ logs for the installation. The installation of the boreholes was 
implemented to minimise disturbance effects on the survey products.
One significant deviation from the method statement was made by the drillers during 
the installation of the boreholes. The specified grout was to consist of a 1:1 
Bentonite: Cement mixture. However the actual grout used on site is believed to be a 
6:1 Bentonite:Cement mixture.
The effect of the stiffness of the grout on the propagation speed of a shear wave may 
be evaluated. If two boreholes are considered, with a nominal separation of D (Figure
5-2) the travel time of a shear wave through the grout, TTg, of thickness d, as a 
percentage of the true travel time, TTt, by:
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TT. ~ D V ^s,grout J
+ { p  — 2 d ) (Eqn.5-1)
Where Vs,son and Vs,grout are the shear wave velocities through the soil and grout 
respectively.
From manual appraisal of the condition of the grout surrounding the borehole liners it 
was observed to be considerably less stiff than the surrounding clay. This does not 
conform to the criterion recommended by Ballard and Stokoe (1983) who suggest that 
where boreholes are to be used for seismic geophysics the grout should be of similar 
stiffness to the surrounding material.
The effect of the low stiffness grout used at Bothkennar on the results may be 
estimated using Equation 5-1. If the shear wave velocity of the grout. Vs,grout is 
assumed to be around 50m/s and the grout thickness, d, to be 40mm the included 
uncertainty due to the grout stiffnesses would be 2.6% using a shear wave velocity of 
130m/s for the surrounding material and a 5m borehole separation.
One of the 150mm diameter boreholes (BRE 2) was pumped out to accommodate the 
BRE horizontally polarised shear wave hammer. The skin friction between the grout 
and the liner was insufficient to resist the mobilised buoyancy due to the reduced 
weight of the borehole liner and fluid. This resulted in the liner being floated from 
the borehole to a height of about 7m. The liner was re-sunk to a depth of about 12m 
and re-grouted. This borehole should be treated with caution by other users of the 
site.
5.2 Geophysical testing
The geophysical testing was generally carried out according to the experimental plan 
in Chapter 4.
The principal geophysical technique used on site has been the standard shear wave 
crosshole method, utilising vertically polarised, horizontally-propagating {S vh)  shear
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waves. Other techniques that were carried out on site include, the new surface source 
to crosshole. Continuous Surface Wave and the Up-hole, Down-hole and the Spectral 
Analysis of Surface Waves methods.
Eight standard crqsshole surveys were carried out on site. Reference to each survey 
will be made according to table 5-1. With reference to Figure 5-1, surveys are 
classified by the approximate cardinal direction of propagation for which the velocity 
of the shear waves was measured, i.e. North (AT), South (5), East (E) or West (W). 
Where more than one survey has been carried out along a cardinal direction these are 
numbered, for example the second survey propagating in a Northerly direction would 
be N2. The survey results obtained using the new surface source to crosshole method 
will be referred to as SSs due to the testing being carried out measuring the velocity 
of waves propagating in a Southern direction from a surface source.
The standard crosshole repeatability test was carried out using shear waves 
propagating along the Northern cardinal direction. Four repeatability surveys were 
carried out and are reported here.
Two continuous surface wave surveys were carried out on site. The continuous 
surface wave surveys will be referenced by the equipment that was used to carry out 
each survey, the University of Surrey {UniS) and the system manufactured by GDS 
Instruments Ltd {GDS).
5.3 Field equipment
The field equipment used for this research is outlined in this section. Attention has 
been paid to details of the equipment that may affect the results of the tests carried 
out.
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5.3.1 Data acquisition
Data acquisition was carried out using a “Bison 9012” seismograph. The Bison 9012 
is a twelve channel digital instantaneous floating point (DIFP) seismograph. The 
DDFP seismograph used was capable of acquiring data at a minimum sample interval 
of 0.05ms and up to 20 000 samples. The seismograph used has a built in high pass 
filter at 4Hz and a low pass filter at 5000Hz. The inclusion of these filters will not 
affect the experimental work, as the lowest frequency of interest during this research 
using the Bison seismograph was around 8 Hz during the continuous surface wave 
surveys. The natural frequency of the geophones used by the UniS system was 4.5Hz. 
As a guide no geophone was used below double the natural frequency to avoid any 
harmonic distortion of the signal.
The only field technique that did not utilise the Bison seismograph was the GDS 
continuous surface wave survey. Data acquisition was carried out for the GDS 
continuous surface wave survey using a personal computer based system with a high 
throughput (160K samples/second) 16 bit data acquisition card. The data acquisiton 
system is more finely detailed by Snelling (1999).
Triggering
Triggering of the Bison seismograph can be achieved in three ways: manually via the 
keyboard; by voltage-threshold; or by the completion of the trigger circuit. For the 
borehole surveys the voltage threshold trigger was used. The completion of the 
trigger circuit method would be the most accurate but due to the fluid filled boreholes 
use of this method is precluded. The voltage-threshold triggering method produces a 
trigger event on either a rise or fall ih voltage of a magnitude according to the input 
sensitivity.
Different methods have been tested during the course of this research to reach the 
voltage-threshold these include hydrophones suspended in the borehole fluid, 
geophones attached to the hammer, shock sensitive piezo-ceramic switches and Hall 
effect proximity switches.
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The most widely used trigger sensor in a downhole environment is probably the 
hydrophone. Hydrophones are the most robust although not the most accurate as the 
accuracy depends on the gain levels of the head amp and the distance remaining 
constant between the shear wave hammer and hydrophone. This may not cause a 
problem where an absolute zero is not required. For instance in crosshole testing 
where two receiver boreholes are being utilised and there is little increase in stiffness 
with depth. For surveys requiring an absolute zero other methods of triggering should 
be employed.
Marsh-cased geophones are another alternative device as a voltage-threshold trigger 
sensor. Geophones make good triggers where there are no moving parts to the source 
prior to impact such as electromagnetic downhole hammers, although care must be 
taken to shield all cables as cross talk can initiate triggering. Any local movement 
may cause pre-triggering such as cable noise in a downhole environment.
Piezo-ceramic switches are accurate and fairly robust although when working in water 
filled boreholes the damping effect of the water on the hammer can stop or cause 
delay to triggering.
Hall effect (or HE) triggers have been used with some success (Hope, 1993). Hall 
effect chips are magnetic sensitive proximity switches whose output voltage peaks 
when brought into proximity of a magnetic field. Care must be taken when setting up 
the HE trigger that the distance between the magnet and chip at the moment of impact 
is exactly correct to initiate triggering. Hall effect triggers can be very accurate when 
properly installed but they are not very robust and may not be ideal in a commercial 
situation unless they are built into the source (see Appendix C). For all of the 
crosshole surveys triggering was carried out using HE triggers.
The triggering for the surface source to crosshole was carried out by the completion of 
the trigger circuit between the sledgehammer and the source beam.
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5.3.2 Seismic wave sources
The “Bison” down-hole clamping shear wave hammer was used for the generation of 
vertically polarised shear waves. The hammer is hydraulically clamped and capable 
of mechanically delivering up and down blows. The hammer weighs approximately 
5kg and travels through 450mm.
The source used for the surface source to crosshole survey was a 6.4kg sledgehammer 
and a 300mm long section of rolled steel joist “I-beam”. The beam was struck in each 
horizontal direction perpendicular to the line of the boreholes.
The surface wave systems both used electro-magnetic vibrators as sources. Both 
sources were manufactured by Ling Dynamics Ltd. The primary difference between 
the two sources is the inertial mass, the UniS system uses a source of 14kg and the 
GDS system a source with an inertial mass of 75kg.
5.3.3 Receivers
The downhole receivers used for all of the crosshole surveys were OYO-3315 Picks. 
These are normally hydraulically clamping but for the purposes of this research were 
converted to be pneumatically clamping. The Picks are three dimensional, they 
contain three orthogonally mounted “OYO” 28Hz geophones. The geophones were 
model HS-J-K28-215 in both the vertical and the horizontal positions.
For the surface wave testing both systems used Mark products marsh-cased 4.5Hz 
natural frequency geophones. The GDS surface wave system was also used with 
Mark products geophones but with a 2Hz natural frequency to allow testing to be 
carried out down to 4Hz.
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Source
Borehole
Receiver A 
Borehole
Receiver B 
Borehole
Propagation
Direction
Date of 
Survey
Survey
Reference
1 2 3 North 30/11/96 N1
1 2 3 North 3/11/96 N2
1 2 3 North 5/11/96 N3
1 2 3 North 19/02/97 N4
1 2 3 North Average Na
4 3 2 South 31/10/96 SI
4 3 2 South 4/11/96 S2
4 3 2 South Average Sa
4 5 6 East 4/11/96 E
7 6 5 West 5/11/96 W
7&4 6&5 5&6 East&West Average EWa
Surface
Source
3 2 South
19/02/97-
21/02/97
SSs
Table 5-1: Survey references according to cardinal directions and order of 
execution.
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Figure 5-1: Installed arrangement of geophysics boreholes
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Figure 5-2: Schematic diagram of two lined boreholes
6. EXPERIMENTAL RESULTS
In general, the results will be presented in the form of shear wave velocity against 
depth profiles rather than stiffness against depth. Some stiffness profiles are 
presented where comparisons are to be drawn with other stiffness determination 
techniques. The data is presented using shear wave velocity because it does not rely 
on previously determined values for mass density. Where stiffness data are displayed 
the mass density profile used for the conversion of shear wave velocity to stiffness is 
after Eight et al (1992).
All quoted elevation values are in metres relative to Ordnance Datum (m O.D.). The 
ground surface elevation has been approximated to +2.8m O.D. over the whole survey 
area.
6.1 Standard crosshole results
All of the standard crosshole surveys carried out as part of this research have utilised 
vertically polarised, horizontally propagating shear waves. Figures 6-la  to h 
represent the eight full standard crosshole survey results carried out by the author at 
Bothkennar. Overall, the data appears to be of reasonable quality, with all results 
being of the same order of magnitude. The general form of the results is for an 
approximately linear increase in shear wave velocity with depth from 80ms"1 at 2m 
O.D to 150ms"1 at -14m O.D. Some anomalies do occur within this overall form. 
These are described and discussed below.
Survey NI is anomalous (figure 6-la) as between +0.8m O.D. and -6.2m O.D. the 
profile shows little or no increase in shear wave velocity with depth. This coupled 
with the near surface results suggesting an artificially high shear wave velocity, 
around 110ms'1, reduces the confidence in this survey. Perhaps a more significant 
pointer to the apparent low quality of this survey lies in the magnitudes of the shear 
wave velocity measurements at depth. The values measured for the shear wave 
velocity at depth are significantly lower than the other surveys conducted in the same
6-1
direction (surveys N2, N3 and N4 (Figures lb to d respectively)). No obvious 
explanation exists for the differences between the survey results of apparently similar 
experimental data sets. However, some explanation may be in the quality of the time 
domain data acquired for these elevations. The time domain data for survey N1 was 
seen to be of poor quality, an example is given in Figure 6-2a (for comparative 
purposes Figure 6-2b shows a domain trace where clear separation of the shear and 
compressional wave trains is evident). From Figure 6-2a little or no separation is 
visible between the compressional wave train and the following shear wave first 
breaks. The lateral distance between the boreholes was sufficient for clear separation 
of the two wave types, this was evident in other surveys using the same boreholes 
(surveys N2, N3 and N4). When Figure 6-2a and 6-2b are compared the duration and 
magnitude of the compressional wave train is increased in Figure 6-2a. The elongated 
compressional wave train could be caused by a number of factors:
• Slower propagation of compressional waves. This would be possible 
within l-2m of the ground surface which is above the water table, but 
within the water table the propagation velocity of the compressional waves 
would be expected to be constant at around 1500ms'1.
• Due to the poor quality of grout used around the borehole liners (see
Section 5-1) the top of the tube is being allowed vibrate. This is unlikely
as the effect would have been evident in all of the surveys using a shear 
wave source in borehole 1.
• This was one of the first surveys carried out by the author and hence lack
of prior experience may be the most plausible explanation. Little data
quality control was carried out during this survey.
No evidence has been found to substantiate any of the above theories other than the 
anomalous effects displayed in this data set. As there have been other surveys carried 
out in the same direction (N2, N3 and N4) the survey will be treated with caution and 
^disregarded from further use.
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Survey SI  (Figure 6-le) demonstrates low repeatability in the measurement of shear 
wave velocity for a given elevation. The repeatability effects are clear at each 
elevation as two distinguishable data points are plotted. Each of the two data points is 
the result of a different set of opposing-direction source actuations carried out in 
quick succession of each other. The maximum difference between any two points for 
a given elevation is around 17ms"1 for a lower bound measurement of approximately 
153ms"1. This is equivalent to an 11% uncertainty in velocity measurement. While an 
uncertainty of 11% seems unacceptable, estimates of around 20% for repeatability of 
crosshole surveys have been calculated for a given elevation (for example see Ricketts 
et al (1995)).
Other features may be observed in the survey results (Figures 6-la to h) for the 
standard crosshole method. All of the surveys exhibit some head wave effects. Head 
waves occur where two layers of material with significantly different stiffnesses 
overlie each other. The presence of headwaves leads to some uncertainty in the travel 
path of the first arriving shear wave (figure 6-3) unless the exact depth to and the 
stiffness of the underlying layer are both known. From figure 6-3 the first arriving 
shear wave will follow the fastest travel path, either a direct wave through the lower 
stiffness material or a headwave, i.e. a wave travelling at least in part through the 
secondary, stiffer layer. The situation of an underlying high velocity layer does exist 
at Bothkennar where the Carse clays overlie the Bothkennar gravels at approximately 
-16m O.D. but the stiffness of the Bothkennar gravel is not known.
Using the model presented in figure 6-3 if the shear wave velocity for the Carse clay 
upper layer is taken as 150ms'1 and an estimate of 300ms’1 for the underlying 
Bothkennar gravel. Not allowing for ray path curvature through the clay, which 
would make less than 1% difference (see section 3.3), it has been calculated by the 
author that any measurements taken within approximately 1m of the top of the gravel 
the first arriving shear waves will be head waves through the gravel rather than direct 
waves through the clay.
Headwave first arrivals are demonstrated in all of the surveys where measurements 
have been made below -14.2m O.D. The estimate showing the highest elevation of 
the surface of the gravel is given by (Paul et al (1994b)) to be at an elevation of
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-16.4m O.D. The highest elevation of the incidences of headwave propagation are at 
-15.2m O.D. Though this is not within 1m of the gravel the anomalous propagation 
velocities are still considered to be due to headwave arrivals. The shear wave velocity 
assigned to the gravel of 300ms"1 is an estimate based on the fastest propagation 
velocities measured in all of the surveys. As all of the surveys were terminated at, or 
shallower, than -16.2m O.D. and the gravel is assumed to commence at 16.4m O.D. 
the first arriving shear wave will still have travelled through some of the clay before 
entering the gravel. This will imply a lower shear wave velocity for the gravel than 
the true value. If a higher estimate of the shear wave velocity for the gravel were to 
be used this would allow for headwaves up to the elevation of -15.2m O.D. where 
they were encountered in practice.
When all of the surveys for a particular testing bay are overlain the limits of 
repeatability (or random error) of the method can be seen. The effects of the inclusion 
of random errors within the survey results may be reduced by averaging the data for 
any given elevation. Figure 6-4 presents the results surveys N2, N3 and N4 for 
testing bay 1 in one direction (north). Displayed with these survey results is the 
average of the single surveys (Na). At any elevation where there is only data from 
one survey it has been used uniquely. The same process has been applied for the tests 
carried out in the opposing direction (south) using testing bay 1, the results of the 
individual surveys (SI and S2) and the average profile (Sa) are shown in figure 6-5. 
The two averaged profiles, Na and Sa, are presented in figure 6-6.
The primary difference between the two average profiles acquired in opposing 
directions (North and South, Figure 6-6) occurs at -1.2m O.D. Here it can be seen 
that the surveys in a southern direction suggest a sharp increase in stiffness between 
-1.2 and -2.2m O.D. though this is not in evidence in the surveys carried out in a 
northerly direction. The sharp drop in shear wave velocity coincides with the reported 
change between the upper and lower Claret divisions (Paul et al 1994b). The southern 
average profile (Sa) is given in figure 6-7, lithological boundaries (suggested by Paul 
et al) are also marked. The drop in shear wave velocity described does coincide with 
the change of lithological unit, but there is little to suggest that the Upper division of 
the Claret bed should be significantly less stiff than the Middle division (Section 
2.3.1).
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The low stiffness indicated at the near surface in surveys carried out in the southern 
direction could alternatively be caused by lateral inhomogeneity between boreholes 3 
and 4 (figure 4-2). If the stiffness of the material between the source and the first 
borehole were to increase less rapidly than for surveys in the opposing direction the 
travel path taken between the two receiver boreholes will be shallower (see figure 6- 
8). Hence, travel across the test section will be slower.
Though lateral inhomogeneity is suggested as an explanation of slower propagation 
velocities in the southern direction, there is no evidence that the material between 
boreholes 3 and 4 is any less stiff than the surrounding material.
Because the results of the North and South averaged profiles differ significantly they 
will not be averaged.
The same averaging process has been carried out for the survey results from bay 2 
(surveys E and W). There is little difference, aside from repeatability effects, 
between the two directions. As a result surveys E and W may be averaged to a single 
profile (EWa) encompassing both directions for testing bay 2. The average profile for 
the East-West test bay is given in figure 6-9.
The bay average profiles, Na, Sa and EWa, are presented in figure 6-10 for 
comparison. There is little difference between the bay average shear wave velocity 
profiles (Figure 6-10), on average 3.9% with a maximum of 9.7% if the effects of 
headwaves are not included below -14.2m O.D. and the low stiffness zone above 
-2.2m O.D. in survey Sa. This would be expected as there is no expected azimuthal 
anisotropy on the site. These results imply that the site may be assumed to be cross- 
anisotropic or isotropic in terms of stiffness. As there is no change in stiffness in any 
direction. For completeness Figure 6-11 is provided showing the bay averages Na, Sa 
and EWa, in terms of stiffness.
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6.2 Surface source to crosshole results
The set of results gained from the surface source to crosshole method are presented in 
Figure 6-12. This new technique has yielded a set of results that are self-consistent 
and appear reasonable.
The survey results show a consistent increase in shear wave velocity with depth, 
typically of around 3.5ms"1 per metre elevation between -  2.2m and -12.2m O.D.
From an elevation of -12.2m O.D. to depth, the results appear to show a sharp 
increase in shear wave velocity. This is attributed to head waves travelling through 
the underlying, stiffer Bothkennar gravel as discussed in the previous section. 
However, it should be noted that the incidence of headwaves in the surface source 
survey occurs at -12.2m O.D. as opposed to -14.2m O.D. for the standard crosshole 
technique.
6.3 Continuous surface wave results
The continuous surface wave results are presented in figure 6-13. The shear wave 
velocity values calculated have been determined using the factored wavelength 
method and a factor of 1.09 to convert Rayleigh wave velocity to shear wave velocity. 
As the stiffness on site generally increases with depth a factor of 3 has been used 
(Gazetas (1982)). Results are presented in Figure 6-13 for both the UniS and GDS 
surface wave systems. One short fall of the continuous surface wave testing 
technique is highlighted in the results in figure 6-13, the lack of depth penetration. 
This is due to two effects. When a low stiffness material is being tested for a given 
frequency the resulting wavelength will be shorter than for stiffer material, according 
to equation:
k = (VR/ f)
The inversion technique being used is a function of the wavelength so the depth of 
penetration is also reduced. Secondly, in materials with low stiffnesses, such as the
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normally consolidated clay at Bothkennar, the rate of attenuation of seismic waves is 
higher than for stiffer materials. This, coupled with the difficulty of transferring 
energy into the ground at low frequencies, results in the lowest frequencies that the 
source is able to produce being unusable. As the low frequencies provide the longest 
wavelengths the maximum penetration achievable with a particular source is reduced.
At Bothkennar, the minimum usable frequency using the UniS source was 12Hz 
which resulted in a maximum penetration to -0.16m O.D. The penetration depth was 
increased to -1.8m O.D. by using the GDS system. The GDS system utilised a source 
of greater mass than the UniS system which was capable of producing usable 
frequencies at Bothkennar, down to 6Hz compared with 12Hz generated by the UniS 
system.
There is some disparity between the results presented for each surface wave system. 
At an elevation of 1m O.D. both data sets show a decrease in shear wave velocity. 
The decrease in stiffness implied by the UniS results is considerably smaller than the 
GDS systems results. Below 1m O.D. both data sets show increases in shear wave 
velocities at similar rates but the GDS system consistently shows lower velocities. 
The differences between the two data sets is not due to differences between the two 
systems as they have been previously validated against each other (Snelling (1999)).
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Figure 6-2b: Example of a good quality time domain trace gathered for survey N2
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Figure 6-3: Schematic representation of first arrival ray path deviation through a 
stiff underlying layer
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Figure 6-4: V SjVh  results for surveys N2, N3 and N4 overlain with 
bay average, Na
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Figure 6-5: VS>VH results for survey SI, S2 and the bay average. Sa
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Figure 6-6: Vs$Vh crosshole results Na, and Sa bay averages
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Figure 6-7: V S;Vh crosshole bay average. Sa, and lithostratigraphy (after
Paul et al (1992b))
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Figure 6-9: Individual (E and W) and bay average EWa VS$VH
results for the East / West testing bay
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Figure 6-10: VSiVh average crosshole surveys Na, Sa and EWa
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V S,v h  average crosshole surveys Na, Sa and EWa
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Figure 6-12: VS VH from the surface source to crosshole technique (SSs)
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Figure 6-13: Continuous surface wave results from the GDS and UniS systems
and Lithostratigraphy (after Paul et al (1992b))
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7. DISCUSSION
The discussion of this research will be divided into three principal areas: discussion 
and comparison of seismic geophysical techniques used in the course of this research, 
comparison of seismic geophysical results with laboratory stiffness measurements and 
the further characterisation of Bothkennar.
7.1 Shear wave velocity determination techniques
The principal techniques used in the course of this research, the standard crosshole, 
surface source to crosshole and continuous surface wave, will be reviewed 
individually and then compared. Previously published data from other authors will 
also be discussed and compared to the current research.
Standard crosshole
The standard crosshole technique allows measurement of geomaterial stiffnesses at 
depths that are limited only by the ability to install boreholes. The technique is 
susceptible to two principal classes of errors, operator and methodological.
Operator errors provide the greatest opportunity for the inclusion of errors within a 
standard crosshole survey. Primary amongst operator induced errors is the picking of 
first arriving shear waves which is subjective and relies heavily on the experience of 
the operative. The data presented here, where the environment was that of research 
rather than of commercial surveying, the estimated uncertainty due to the picking of 
first arrivals is of the order of ±3 milliseconds. Uncertainty of this magnitude could 
lead to the inclusion of errors of up to ±8% in velocity determination for a 
geomaterial with a shear wave velocity of 125ms"1 and a borehole separation of 5m. 
The percentage uncertainty in shear wave velocity will increase in materials of greater 
stiffness if a similar picking uncertainty persists due to a decrease in the inter­
borehole travel time.
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Methodological errors may be introduced into a standard crosshole data set if 
borehole deviation and ray path deviation are not accounted for. Both effects may be 
quantified and corrected. Ray path deviation occurs in two distinct material 
configurations, firstly as ray path curvature, where the stiffness of the material under 
test varies with depth, and secondly as headwaves where a material of higher stiffness 
underlies the material under test. The first case where stiffness varies with depth has 
been considered by Hryciw (1989). In order to make corrections for ray path 
curvature the exact trigger time for the source must be known. Most commercial 
standard crosshole sources rely on the propagation of compressional waves through 
the borehole fluid to a hydrophone as a trigger. Such variable delayed triggering 
precludes the use of ray path curvature corrections. Where exact trigging is employed 
for the purposes of making ray path curvature corrections there is no advantage to 
using the three-hole crosshole configuration; a cheaper two-hole configuration may be 
used. With the exact determination of the trigger time, the requirement of having the 
first receiver borehole to calculate the travel time to the second receiver borehole is 
removed.
The second case of ray path deviation, where a second strata of different stiffness 
exists, can be more difficult to correct depending on the specific circumstances. The 
first arriving shear wave at the receiver boreholes may be propagated at least in part 
through the stratum with the higher shear wave velocity. The effect is known as a 
head wave. The difficulty in correcting head wave effects lies in the inability to 
predict the exact points of entry and exit of the shear wave into the higher stiffness 
strata without prior knowledge of the relative stiffnesses of the two strata and the 
exact position of the interface.
In the case of the surveys at Bothkennar, the position of the gravel interface may 
ascertained from the borehole logs. However, the stiffness of the underlying gravel 
layer is not known as the boreholes were only installed to the top of the strata.
Surface source to crosshole
The new surface source to crosshole method allows for determination of horizontal 
stiffnesses using horizontally polarised, horizontally propagating shear waves. The
7-2
method utilises She generated at the ground surface using a sledgehammer and strike 
beam. Propagation of the Shh waves generated at the surface to geophones at depth 
relies on ray path curvature. This is a limitation in the technique, since for the method 
to be viable the stiffness of the material under test must increase with depth. 
Furthermore, the lower the rate of increase in stiffness with depth the greater is the 
expanse of unobstructed and level ground required for source deployment. A large 
strip of ground surface would be required for source positions to be adequately distant 
such that sufficient ray path curvature can take place to achieve near horizontal 
propagation of shear waves at the required depth. This drawback is pertinent when 
the Bothkennar site is considered. The increment with depth in the shear wave 
velocity of the Carse clays is approximately 5 m/s per metre depth. For a surface 
source to crosshole test down to 17m b.g.l., a maximum source offset of over 30m 
from the lateral centreline of the boreholes was required.
The surface source technique, as with the standard crosshole technique, can also 
suffer from operator induced errors. The picking of first arrivals must be carried out 
to determine the travel time of the shear waves. Picking of the first arrivals however 
is generally significantly easier than for the standard crosshole technique because the 
surface source method uses relatively long propagation distances between the source 
and the first receiver, which allows for greater separation of the compressional wave 
train and the onset of the shear wave train. Random errors in the picking first arrivals 
are minimised if multiple source positions are used for each receiver elevation by 
curve fitting through the apparent travel time interval -  source offset distance. 
Though random errors are minimised, the accuracy of curve fitting must be adequate 
to avoid the inclusion of further errors.
Continuous surface wave
Application of the continuous surface wave method at Bothkennar test bed site 
demonstrated the main weakness of the technique, which is the lack of depth 
penetration in low stiffness geomaterials. Even with the use of the relatively more 
massive GDS surface wave source which is capable of generating usable frequencies 
down to 5 Hz the depth penetration at Bothkennar was limited to 4.5m b.g.l.
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The inversion technique for the surface wave data used for the present study has been 
limited to the most simple, empirical factored wavelength method. This technique 
provides a reasonable inversion in material where no large changes in stiffness are 
present. The existence of the stiffer weathered crust at Bothkennar may have 
introduced some uncertainty into the simple inversion technique used.
7.1.1 Comparing the standard crosshole and surface source to crosshole 
surveys
In the present research, validation of the new surface source to crosshole technique 
was made difficult because of a standard S Hh  crosshole survey utilising the same 
testing bay as the new technique was not conducted. The only horizontally polarised 
standard crosshole conducted at Bothkennar was that carried out by BRE using an 
adjacent testing bay. The use of different testing bays introduces some uncertainty 
into the comparison of the BRE standard ( S h h )  crosshole results with the surface 
source to crosshole results due to the possibility of lateral inhomogeneity.
Figure 7-1 compares two survey results. It may be noted that while the form and 
gradient of the two profiles are similar, the magnitude of the BRE V s ,h h  data is 
slightly greater than those gained from the surface source method. The maximum 
difference between the V s h h  results is 8.4% of the BRE reading at any given depth, 
with an average difference of 4.9%. The quoted differences exclude data from 
elevations below -12m O.D., where the effects of headwaves at the gravel interface 
appear to commence in the surface source to crosshole results.
The deviation between the two survey sets shown in Figure 7-1 are within the 10% 
bounds of repeatability evident from Figure 6-4 for the standard crosshole technique 
at Bothkennar. However, the consistently greater magnitude of the standard method 
over the surface source method is evident. The greater magnitude of the standard 
crosshole results may be attributed to a number of factors including: the greater effect 
of ray path curvature on the standard results, methodological errors and lateral 
heterogeneity. These factors are discussed in turn below.
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Ray path curvature will have a greater effect on the standard crosshole results due to 
the larger propagation distance between the source and the second receiver {L2 in 
Figure 7-2) than between the two receivers used in the surface source method (Lj in 
Figure 7-2). A longer propagation distance, such as Lj, allows greater ray path 
curvature, so the propagation of the wave is through higher velocity material. 
Therefore, where the stiffness increases with depth, the apparent velocity measured in 
the standard method using long path lengths, will be higher than for the surface source 
to crosshole method.
Based on formulae presented by Hryciw (1989), it has been calculated by the author 
that the maximum ray path curvature effect on the measured velocity at Bothkennar is 
around 1%. Since the average difference between the Shh velocity, measured using 
the standard crosshole technique and using the surface source technique is around 
4.9%  this leaves approximately a 4% discrepancy unaccounted for. The remaining 4% 
difference between the standard (Shh) crosshole and the surface source method may 
be due to a combination of methodological uncertainties and lateral inhomogeneity.
Methodological errors may be introduced into both types of surveys for example from 
equipment differences and operator error during picking of first arrivals. First arrival 
picking is highly subjective and different operators may systematically either under- 
or over-pick shear wave first arrivals.
The BRE standard (Svh) crosshole survey was carried out using the BRE testing bay 
(Figure 4-2) whereas the standard (Svh) crosshole survey from the current research 
were carried out using boreholes 2 and 3 (Figure 4-2) as the receiver boreholes. 
Figure 7-3 shows that for elevations below -6.2m O.D. and the shear wave velocities 
measured by BRE are higher than those gained from the current research in the 
adjacent bay. If it is assumed that there are no methodological or operational errors 
the difference between both the Svh surveys (Figure 7-3) on adjacent testing bays may 
be attributed to lateral inhomogeneity.
When the general shape of the BRE standard (Shh) crosshole and surface source 
profiles are compared, the shallower incidence of head waves in the surface source 
survey is evident. It may be expected that headwaves would occur at a greater
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distance from the underlying layer in the standard crosshole technique due to the 
comparatively longer propagation distance, L2 in Figure 7-2, than for the surface 
method (Z; in Figure 7-2). If one borehole (receiver E) is considered for the surface 
source technique. Figure 7-da. The source position is at a distance Xh from the 
borehole. The assumed direct travel path Pi (in Figure 7-da) will not be the quickest 
available. The quickest available travel path for the shear wave to the borehole 
receiver will be via the deviated path P2 in Figure 7-da. Any source offset smaller 
than Xh will result in the first arrival travelling along the direct travel path. Pi, while 
any greater will result in travel via the deviated route, P2, through the underlying 
layer.
When a second borehole is added with receiver A (Figure 7-db). While X2 is smaller 
than Xh all of the first arrivals at receiver^ will be via the direct route {Pi in Figure 7- 
db). Hence, for any source offsets with X2 < Xh > Xi the surface source method will 
not measure the shear wave velocity of the overlying stratum but a combination of the 
velocities of both strata.
In general, the results gained from the standard (Shh) crosshole (by BRE) and the 
surface source techniques show agreement within 5% above the incidence of 
headwaves in the surface source results (at -ld.2m O.D ). The difference of only 5% 
between the results of the established and the new techniques does prove that the 
surface source technique is viable, at Bothkennar.
7.1.2 Standard Sv h  crosshole and the seismic cone penetration test
Results from seismic cone penetrometer tests (SORT) at Bothkennar have principally 
been published by two authors, Hepton (1989) and Powell and Butcher (1991).
Agreement between the standard crosshole and seismic cone techniques would be 
expected to be strong, due to the shear wave velocities of both tests depending on the 
same elastic parameter (Z, see section 2.1.2). As expected, the agreement between 
standard crosshole and seismic cone results is high at Bothkennar (see Figure 7-5). 
The results from both survey techniques match each other closely in form and
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magnitude down to -14.2m O.D., where the SCPT results terminate. Agreement of 
the two data sets is good with average shear wave velocity differences of 4.5% and 
the maximum difference being 11%.
7.1.3 Comparison of standard crosshole and surface wave techniques
The results produced by the standard crosshole and the continuous surface wave 
techniques show similar magnitudes in shear wave velocities (Figure 7-6). The ability 
of the surface wave method to resolve a near surface high velocity layer is 
demonstrated. This high velocity feature is unlikely to appear in the crosshole results 
as it is difficult to obtain crosshole results near to the ground surface. The crosshole 
technique suffers, in the near surface, from the generation of surface waves and 
surface reflections of body waves that act as interference, this results in first arriving, 
direct shear waves being difficult to identify and pick.
At the highest elevation of the crosshole data, at +1.8m O.D. (Figure 7-6) the data 
from both surface wave surveys, show higher shear wave velocities than do the V s ,v h  
crosshole data . The surface wave testing was the only technique used in this research 
that was able to resolve the stiffer layer of clay belonging to the Saltgreen member of 
the Grangemouth unit overlying the site to a depth of between 1 and 1.5m b.g.l.
Below a stiff layer, shear wave velocity measurements from surface wave testing 
using the factored wavelength inversion method, cannot report the shear wave 
velocity of the underlying, softer layer. This is due to the inherently averaging nature 
of the technique. This effect is demonstrated in Figure 7-7 where idealised particle 
motion is shown for two waves of differing frequencies and, hence, differing 
wavelengths. The particle motion for the higher frequency wave A, in Figure 7-7, is 
confined completely to the overlying strata. The particle motion of the lower 
frequency wave (B in Figure 7-7) is in both strata and hence the propagation 
velocities of both strata will affect the propagation speed of wave B. Where the 
overlying strata propagates Rayleigh waves faster than the underlying strata the 
velocity values assigned to the lower strata when using the factored wavelength 
method of analysis will be artificially high.
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Below an elevation of 1m O.D. the two sets of surface wave results appear to diverge 
(Figure 7-6). The results from the UniS system show little further decrease in shear 
wave velocity whereas the results from the GDS system show further decrease. 
Below +lm O.D. the UniS surface wave results match the crosshole results for the 
North (N a )  and East/West (EWÀ) surveys. In contrast, the GDS surface wave results 
appear to lie between the sets of standard crosshole results obtained. Although both 
surveys used differing equipment, the two systems have been previously validated 
against each other (Snelling (1999)). Therefore, the difference between the two 
surveys must be due to either experimental error or a change in the stiffness of the soil 
under test. For both tests, the site was prepared in the same manner arid the general 
testing procedure was as far as possible kept constant. Both surface wave tests were 
carried out at the same location (between boreholes 6 and 7, Figure 4-2). The 
principal difference between the two surveys is the season and year at which they 
were conduced. The survey utilising the UniS system was carried out in February 
1997 and the survey using the GDS system in May 1999. The cause of the divergence 
between the two surface wave testing results is unclear but may be due to factors such 
as rainfall or higher average high tides in the adjacent Forth estuary raising the water 
table and saturating the clay to a higher elevation.
7.2 Comparison of in-situ seismic data with laboratory data
Where stiffnesses are to be compared using seismic geophysics and laboratory 
determined values, the effects due stress and strain levels must be considered. This is 
due, inter alia, to the reliance of the shear wave propagation velocity on the stress 
level within geomaterials (Stokoe et al (1995)). Only stiffness measurements that 
have been made within the linear elastic envelope of the Bothkennar clay (Smith 
(1992) and Heymann 1998)) are to be compared hence, the degradation of stiffness 
with strain may be ignored. To enable effective comparison of techniques that 
measure the stiffness of geomaterials at different effective stress levels, the calculated 
stiffness must be normalised by the stress level at which the tests are carried out.
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7.2.1 Normalisation of S v h  surveys
Seismic geophysical results are usually (see for example Heymann (1998)) 
normalised using the Cambridge mean effective stress p  ’ parameter given by:
p ’ = (cFf+ <J2 + os’) / 3 (Eqn 7-1)
where <ji \ 0 2  and as ' are principal effective stresses.
The choice of Cambridge p  ’ as the normalisation parameter for stiffnesses measured 
geophysically is not necessarily appropriate. Normalising using p  ’ assumes that the 
effect due to the stress along each principal axis has the same magnitude on all 
seismic waves regardless of polarisation and propagation directions.
Stokoe et al (1995) investigated the role of stress on the seismic wave propagation 
velocity of dry, remoulded sand in a calibration chamber. Tests were first carried out 
under conditions of increasing isotropic stress. The resulting effect on the 
propagation velocities of shear waves of different polarisation and propagation 
directions due to increasing isotropic stresses are shown in Figure 7-8a (after Stokoe 
et al (1995)).
A second series of tests carried out by Stokoe et al (1995) used conditions of bi-axial 
stress imposed on the sample. The effective horizontal stresses (c&/) were 
maintained constant and the effective vertical stress (crz ’) was increased. Figure 7-8b 
(after Stokoe et al (1995)) shows the resulting shear wave propagation velocities 
under anisotropic stress conditions. The first conclusion that may be drawn from 
Figure 7-8b is that for shear waves propagating along the principal stress directions 
anisotropic stress conditions only influence the wave propagation velocity in two 
directions. The two stress directions that affect the propagation of a shear wave are: 
the direction of wave propagation and perpendicular to the direction of propagation in 
the plane of particle motion.
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A further observation may be made from Figure 7-8b. Continuing with the notation 
of Stokoe et al, if waves Vzx (also, Vzy due to symmetry with the plane of stress 
isotropy in the horizontal plane (%, y)) and Vyz are considered. The two waves have 
perpendicular polarisation and propagation directions, yet the increase in Vs for any 
increase in <Jz’ is constant for both wave types. This leads to the conclusion that the 
propagation velocity is equally reliant on changes in stress in both the direction of 
propagation and perpendicular to the direction of propagation while in plane with 
particle motion.
From Figure 7-8a and 7-8b, the magnitude of the wave velocities, for given stress 
levels of wave Vzx are consistently marginally lower than for the Vyz and Vxz waves. 
As the same anomaly is evident in both the isotropic and anisotropic stress tests, it 
may be discounted. The anomaly may be due to experimental error (whether due to
inconsistencies in measurement or data reduction) or to the sample not being
structurally isotropic.
As a result of the equal reliance of the propagation velocity of a shear wave on two 
stress directions a more sensible normalising parameter would be the average of the 
two effective stresses (<jav ’):
< Jav ’ = (crtf’+Oè y 2 (Eqn. 7-2)
Where:
<ja ’ = effective stress in the direction of propagation
G2> ' = effective stress perpendicular to the direction of propagation and in the 
plane of particle motion
Hence, for the normalisation of standard ( S vh )  crosshole results:
<ja ’ = effective stress in the horizontal direction (c% ’) and 
at ’ = effective stress in the vertical direction (<jv ’)
Where a stiffness profile has been normalised by <jav ’ the survey will be denoted by a 
superscript *. /?’ Normalised stiffness surveys are denoted by '.
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The standard crosshole results for survey Na at Bothkennar are presented normalised 
by <Jav’ (Na*) in Figure 7-9 with the same survey normalised by the Cambridgep ’ 
(No').
The vertical effective stress regime used is based on the formula given by Heyman 
(1998) for results produced by (Nash et al 1992) for the vertical effective stress ( o f '):
<jv’ = 0.617z +11 (Eqn 7-3)
where z is the depth below ground level.
The horizontal effective stress has been derived using the calculated values for <j v 
and the profile of the earth pressure at rest coefficient presented in Figure 2-11 after 
Nash et al (1992).
The normalised stiffness surveys in Figure 7-9 are only produced down to the onset of 
head wave effects (at -14.2m O.D. From the commencement of the standard 
crosshole results at +2m O.D. the both normalised stiffness profiles show a rapid 
decrease down to -4m O.D. whereupon it increases slightly with depth. With the 
assumption that the effective stress profiles are valid, the rapid decrease in normalised 
stiffness implies that there are differences in the clay fabric affecting the shear wave 
velocity between 2m O.D. and -4m O.D.
The overall form of the normalised stiffness profiles are similar but the magnitude of 
thep ’ normalised stiffnesses (Na’) is greater than <jav’ normalised stiffnesses (Na*). 
The greater magnitude of the p  ' normalised stiffnesses is due to the weighting of the 
normalising parameter (Equation 7-1) towards the lesser horizontal effective stress. 
The standard ( S vh)  crosshole survey results for Bothkennar are produced in Figure 7- 
10 in the form of Gav ’ normalised stiffness.
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7.2.2 Normalisation of Shh surveys
The effective stresses that effect the propagation velocity of a shear wave are those 
that are either in the propagation direction or normal to the propagation direction but 
in the plane of particle motion. This is demonstrated in Figure 7-8b after (Stokoe et al 
(1995)) where for an increasing a v’ there is no increase in the propagation velocity of 
the horizontally polarised, horizontally propagating shear wave. Given this, the 
normalisation of stiffnesses calculated from horizontally polarised and propagating 
shear wave velocities should not be carried out using the Cambridge p  * parameter. 
Due to the orientation of S hh  waves the only stress that will effect the propagation 
velocity is the effective horizontal stress (o% ’). Therefore only c% ' should be used to 
normalised stiffnesses measured using S hh  waves.
When the surface source to crosshole results are normalised by the horizontal 
effective stress (Figure 7-11) the profile is approximately linear profile with a slight 
decrease in magnitude down to -7.2m O.D. Below -7.2m O.D. there is little change 
in magnitude with depth apart from a local increase at -8.2 and -9.2m O.D. At 
depth, the effects of head waves cause a sharp increase in the normalised stiffness 
profile. This may be discounted as the effective stresses in the gravel and the actual 
shear wave velocity are unknown.
7.2.3 Comparison of in-situ seismic data with laboratory measurements of Vs
The data available at the present time regarding the results of bender element tests on 
Bothkennar clay is given by Eight (1998). Eight presented the velocity ratio, Rv(b), 
for bender element tests:
Rvo>) = (Vs,HH(b) / Vs,m(b)) (Eqn 7-4)
Where Vs,HH(b) and Vs,m(b) are shear wave velocities determined in the laboratory 
using bender elements.
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For unconfined Bothkennar clay Hight (1998) reports Rv(b) as falling between the 
bounds of 1.2 and 1.35.
A velocity ratio can also be calculated from geophysical data, Rv(g)'-
Where Vs,HH(g) and Vs,vH(g) have been determined from seismic geophysical testing.
A profile of Rv(g) is presented in Figure 7-12 for the seismic geophysical results, 
where Rv(g) has been calculated using survey results Na (Vs,vn(g)) and SSs (Vs,HH(g))- 
The profile indicates the there is little overall anisotropy present on site, with values 
lying between 1.06 and 0.88 with an average of 0.96. This implies marginally greater 
stiffness in the vertical than horizontal planes. Hight reported values of between 1.2 
and 1.35 for Ry^ bj which suggests the reverse applies, namely greater stiffness in the 
horizontal plane than in the vertical planes.
The bender element tests reported by Hight were conducted on unconfined samples. 
For the two types of testing, field geophysics and laboratory bender element, to be 
compared the effects due to stress must be considered. Specifically, with the 
assumption of zero effective stress for the unconfined laboratory tests, the seismic 
data must be normalised by stress to be comparable.
With reference to Section 7.2.1, the normalisation of the seismic geophysics stiffness 
data will be made using the average of the stresses that effect the propagation velocity 
of the shear wave. S v h  crosshole survey stiffness data will be normalised by < ja v  ’ and 
the surface source S hh results by c% \ Using this normalisation protocol a normalised 
stiffness ratio may be calculated, Rg*®, where:
Rv(g) -  {VsjlH(g) /  Vs,VH(g)) (Eqn 7-5)
(Eqn 7-6)
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If the normalised stiffness ratio, RG*(gj, is considered (Figure 7-13) where the effects 
due to stress have now been accounted for, the stiffness ratio falls within the bounds 
of 1.25 and 0.93 with an average of 1.07. This implies that slight structural or 
inherent anisotropy does exist on site with stiffnesses measured in the horizontal plane 
being greater than those in the vertical planes.
Figure 7-13 presents profiles for, Rofg) and Rg*®- The difference between the two 
ratios is to which side of unity each ratio predominantly lies. The profile of Rofg) 
implies that stiffnesses measured in the vertical plane are greater than those measured 
in the horizontal plane, while, Rg*® implies the reverse.
When the unconfined bender element tests carried out by Hight (1998) are compared 
with the normalised stiffness ratio, Rg*®, it is apparent that both sets of results are 
generally slightly greater than unity. This implies that the stiffness of the Bothkennar 
clay fabric is marginally greater in the horizontal plane than in the vertical planes, but 
that stiffness anisotropy present on site is small. The magnitudes of Rg*® and Rv(b) 
results however, may not be compared due to the squared relationship between shear 
wave velocity and shear stiffness.
7.2.4 Comparison of standard S v h  crosshole and very small strain laboratory 
triaxial testing
The results from the current research will be compared with the suite of triaxial results 
produced by Heymann (1998). As discussed in section 2.3.2.3 these results are the 
only published results obtained at strain levels considered being within the linear 
elastic response of the material.
Figure 7-14 displays the normalised stiffnesses measured both by geophysics and by 
triaxial testing (after Heymann (1998)). To allow for differences in effective stresses 
between the in-situ effective stress and the stress regime imposed in the triaxial cell 
comparison between the two methods of stiffness determination must be made using 
effective stress normalised stiffnesses. The seismic stiffness results presented in
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Figure 7-14 are normalised by the average stress (<%,/) and the triaxial data has been 
normalised by p
In Figure 7-14, the magnitudes of the triaxial and seismically determined stiffnesses 
are seen to be similar, with the latter I predominantly greater than the former. Both sets 
of data were generated within the linear elastic range of the Bothkennar clay (Smith 
(1992) and Heymann (1998)) and the effects of different confining stresses have been 
accounted for. The reduced stiffnesses measured in the triaxial testing would most 
possibly be due to sample disturbance in the triaxial samples (Hight (1992)).
7.3 Characterisation of Bothkennar
The use of the standard ( S vh)  crosshole technique at Bothkennar using both testing 
bays (Figure 4-2) has allowed crosshole testing to be carried out in two perpendicular 
directions. The results of the standard crosshole testing in both of the testing bays 
(Figure 6-10) are similar. Eight full crosshole surveys were carried out and these 
have been averaged to produce three general surveys. The quality of the crosshole 
survey results is high with an average difference of less than 3.9% for the average 
surveys Na, Sa and EWa. The presented average surveys (Figure 6-10) in general 
indicate a linear increase in stiffness with depth of approximately 2MPam'1 with an 
at-surface stiffness of 13MPa.
The use of the new surface source to crosshole technique has allowed for the 
determination of the propagation velocity of horizontally polarised, horizontally 
propagating shear waves. This has been carried out without the need to use large 
diameter boreholes or custom-made shear wave sources.
The results of the surface source to crosshole survey show a similar stiffness profile, 
in terms of form and gradient, to both horizontally and vertically polarised standard 
crosshole. This indicates that the Carse clays exhibit little stiffness anisotropy.
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Comparison of the geophysical results with the reported lithostratigraphy
The clearest delineation of the lithostratigraphy within the Carse clay at Bothkennar 
has been demonstrated by the continuous surface wave technique. The continuous 
surface wave results display a zone of higher stiffness that coincides with the reported 
(Paul et al (1992)) horizon of the Saltgreen member of the Grangemouth formation. 
The other survey techniques, for example standard crosshole, become unreliable in 
the near surface due to the generation of surface waves and reflections of body waves 
back from the ground surface. The resultant interference makes picking of first 
breaks difficult in the time domain data, so no results other than the continuous 
surface wave data were obtained at elevations relevant to the Saltgreen member 
within the current research. The Saltgreen unit has been delineated by results from 
seismic cone testing (Figure 2-12a after Hepton (1989)) though this has not been 
borne out by seismic cone testing by other authors (Figure 2-12b after Powell and 
Butcher, 1991).
In all of the standard crosshole surveys carried out in a southern direction (Figure 6- 
5), a zone of low stiffness material is evident close to the ground surface (down to — 
1.2m O.D ). The low stiffness zone coincides with the base of the Upper Claret unit 
(Figure 6-7). However, this low stiffness zone is unlikely to be due to the Upper 
Claret member as the same feature is not evident in the surveys carried out in the 
opposing direction (Figure 6-4).
The presence of the stiffer Bothkennar gravel is indicated in the standard crosshole 
results (Figure 6-lb) by presence of headwave effects below -14.2m O.D. An 
estimate of the stiffness of the Bothkennar gravel may be made from Figure 6-lb 
where the highest stiffness measurement is made (159MPa at -15.2m O.D ). The 
stiffness of the Bothkennar gravel may be slightly higher than the maximum 
measurement in Figure 6-lb because the elevation o f—15.2m O.D., is 1m above the 
expected top of the Bothkennar gravel at —16.2m O.D. As the top of the gravel is at a 
lower elevation the shear wave used to measure the stiffness would have travelled at 
least in part through the softer clay which will decrease the apparent measured shear 
wave velocity.
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Most of the primary units identified within the Carse clays at Bothkennar (Paul et al 
(1992)) are categorised by subtle differences within the fabric or the percentile 
coverage of bioturbation present at a particular level (Paul et al (1992)). The subtle 
changes in the fabric of the clay although distinguishable by eye are insufficient to be 
detectable by seismic geophysics. The primary reason for the lithological units being 
indistinguishable using seismic geophysics is that the members within each unit are 
not generally separated by marked unconformities (with the exception of the 
Saltgreen member of the Grangemouth unit) or by substantial changes in stiffness.
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Figure 7-1: Comparison of BRE standard (VS HH) crosshole and the surface 
source to crosshole Vs HH (SSs)
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Figure 7-2: Travel path differences between the standard crosshole and surface 
source to crosshole methods for a material increasing in stiffness 
with depth
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Figure 7-3: Comparison of standard BRE (VS VH) and current (Vs Vh )  crosshole 
results for adjacent testing bays
7-20
Xh
Xi
Path PI
Path P2
Low Velocity Layer 
High Velocity Layer
(a)
Xi>Xn
x 2< x h
Path P i
Path P2
Low Velocity Layer
High Velocity Layer
Figure 7-4a: Ray path deviation from a distant source to a single borehole 
Figure 7-4b: Ray path deviation in surface source to crosshole surveys
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Figure 7-5: Comparison of SCPT (after Powell and Butcher (1991)) and standard 
(Vs vh) crosshole results
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Figure 7-7: Idealised energy distribution for two different frequency Rayleigh 
waves in a halfspace material with a single superficial layer
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Figure 7-8a: Shear wave propagation velocities under conditions of increasing 
isotropic effective stress (after Stokoe et al (1995))
Figure 7-8b: Shear wave propagation velocities under conditions of increasing 
effective vertical stress (after Stokoe et al (1995))
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Figure 7-9: Comparison of stiffness results from average survey Na normalised 
by p  * (Na’) and av ’ (Na*)
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Figure 7-10: Average standard crosshole stiffness results normalised using the 
effective biaxial stress (o^ ’), Na*, Sa* and EWa*
Normalised stiffness
Figure 7-11: Surface source to crosshole stiffness (SSs*) normalised by <7h *
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8. CONCLUSIONS
The conclusions drawn from this research may be subdivided according to the 
objectives of the work: further characterisation of the Bothkennar test site using 
seismic geophysical techniques; the introduction of a novel technique for generating 
horizontally polarised and propagating shear waves at depth for crosshole surveying; 
and the comparison of various seismic geophysical and traditional soil investigation 
results for the Bothkennar test site.
Further characterisation of the Bothkennar test site
• Eight standard (Svh) crosshole surveys have been carried out on site and 
have been reported. The results show an approximately linear increase in 
stiffness with depth resulting in shear wave velocities from around 80ms"1 
at +1.8m O.D. to 150ms'1 at -14.2m O.D.
• The two continuous surface wave surveys both indicated the presence of a 
stiffer overlying layer at Bothkennar. The detected stiff layer extends from 
the ground surface (at +2.8m O.D.) to approximately +0.8m O.D. with 
shear wave velocities of approximately 110ms'1. This stiffer layer is likely 
to represent the Skinflats member of the Grangemouth geological unit.
• With the exception of the Skinflats member of the Grangemouth unit, the 
stratigraphy within the Carse clays at Bothkennar is generally too subtle to 
be delineated using seismic geophysics.
• Standard (Svh) crosshole surveys have been carried out in two testing bays 
with perpendicular propagation directions. Comparison of the results of 
the perpendicular standard crosshole tests shows that the stiffnesses 
measured in both vertical planes are similar. As a result, the site is 
considered to be cross anisotropic in terms of stiffness with a horizontal 
plane of constant stiffness.
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• Surveys have been carried out using horizontally polarised, horizontally 
propagating shear waves and also vertically polarised horizontally 
propagating shear waves. The propagating velocities of the vertically 
polarised, horizontally propagating shear waves were found to be generally 
greater than the velocities of horizontally polarised, horizontally 
propagating shear waves. This indicates that under in-situ stress 
conditions the Carse clays at Bothkennar may be assumed to be slightly 
cross anisotropic in terms of stiffness
• Normalisation of geophysically measured stiffnesses, using S vh  waves, 
have been made using a biaxial effective stress parameter (given in 
Equation 7-2). Normalisation of stiffnesses based on the propagation 
velocities of S hh waves have been made using the horizontal effective 
stress. Comparison of the stress-normalised stiffnesses indicates that the 
clay fabric also exhibits cross anisotropy but with the stiffness measured in 
the horizontal plane being greater than those measured in the vertical 
planes.
Evaluation of the new surface source to crosshole technique
• A new technique has been developed as part of this research. The 
technique utilises a surface source to generate horizontally polarised shear 
waves and two borehole type receivers. The technique relies on ray path 
curvature of the propagating shear waves to allow near horizontal 
propagation of horizontally polarised shear waves between the receivers at 
depth. To allow the required ray path curvature the geomaterial under test 
must increase in stiffness with depth.
• The surface source to crosshole technique has been field-tested during this 
research at Bothkennar. The use of the technique has enabled the velocity 
of horizontally polarised, horizontally propagating shear waves to be 
measured at depths between 5m b.g.l. and 17m b.g.l. at Bothkennar.
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• From the first field test of the surface source to crosshole technique it 
became apparent that prediction of source offset position was necessary to 
reduce the amount of fieldwork. A technique was developed for the 
prediction of the optimal source offset position and was utilised during the 
main surface source survey at Bothkennar. The source offset prediction 
technique relies on the results of previous standard ( S v h )  crosshole testing 
as a basis. A reduced array of source positions was still used to ensure 
coverage of the optimal source position.
• The new technique of surface to crosshole has good agreement with other 
seismic geophysical methods (on average V s ,h h  within 5% of that 
measured by the standard crosshole technique). The surface source 
technique has enabled the measurement of V s ,h h  without the use of a 
specialised borehole source or the installation of over sized boreholes.
Seismic geophysical techniques and the comparison of stiffness determination 
techniques
• Four standard ( S v h )  crosshole surveys were carried out using the same 
testing bay at different times. The repeatability of the technique was found 
to be acceptable, with less than 10% average difference between shear 
wave velocity measurements over the four surveys.
• Two continuous surface wave surveys were conducted. Both of which 
appear reasonable when compared to the standard crosshole results and 
the site lithostratigraphy. For soft clays highly energetic vibration sources 
are required at low frequencies to achieve useful depth penetrations using 
the surface wave technique.
• If ray path curvature corrections are to be made for the standard crosshole 
measurements of shear wave velocity, the time of the source trigger event 
must be known. If the exact trigger event time is known, there is no 
advantage in utilising a three-borehole crosshole arrangement; instead, two 
boreholes can be used.
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• Comparisons have been drawn between results from the standard ( S v h )  
crosshole technique used during this research and seismic cone 
penetrometer results (after Powell and Butcher (1991)). The two 
techniques yielded very similar results at Bothkennar.
• Stiffnesses calculated from seismic geophysical testing should be 
normalised by the average of the effective stress in the direction of 
propagation and along the axis perpendicular to the propagation direction 
but in the plane of particle motion. For example, standard ( S v h )  crosshole 
stiffness measurements should be normalised by the average of <jv’ and 
Oh- In the case of the surface source to crosshole or standard (S h h )  
crosshole for a cross anisotropic geomaterial, both stresses are within the 
horizontal plane so only Oh ’ should be used.
• Very small strain laboratory triaxial tests are capable of measuring 
geophysical stiffnesses. Comparison of stress normalised stiffnesses 
measured using standard ( S v h )  crosshole have been compared with p ’ 
normalised stiffnesses determined in the triaxial apparatus (Heymann 
(1998)). The normalised stiffnesses measured geophysically were in 
general marginally greater than those measured triaxially. This is likely to 
be due to sampling effects prior to triaxial testing.
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APPENDIX A -  D e ta ile d  G eophysical R esu lts
Survey: N1
Shear wave velocity (m/s)
Borehole 
Source 1
Reciever A 2
Reciever B 3
Depth
(m)
Vs
(m/s)
-16.2
-16.2
-15.2
-15.2
-14.2 151.235
-14.2 149.906
-13.2 157.936
-13.2 151.97
-12.2 142.846
-12.2 144.349
-11.2 132.702
-11.2 132.702
Depth
(m)
Vs
(m/s)
-10.2 134.475
-10.2 135.53
-9.2 124.197
-9.2 119.486
-8.2 124.045
-8.2 122.086
-7.2 121.78
-7.2 121.145
-6.2 132.598
-6.2 130.615
-5.2 116.992
-5.2 116.797
Depth
(m)
Vs
(m/s)
-4.2 112.646
-4.2 112.646
-3.2 106.958
-3.2 110.663
-2.2 107.142
-2.2 106.654
-1.2 107.142
-1.2 106.816
-0.2 107.154
-0.2 108.311
0.8 108.815
0.8
Survey: N2
Shear wave velocity (m/s)
Borehole 
Source 1
Reciever A 2
Reciever B 3
Depth
(m)
Vs
(m/s)
-16.2
-16.2
-15.2 302.668
-15.2 306.326
-14.2 170.342
-14.2 173.332
-13.2 166.326
-13.2 164.156
-12.2 152.175
-12.2 151.486
-11.2 144.979
-11.2 145.19
Depth
(m)
Vs
(m/s)
-10.2 140.638
-10.2 141.435
-9.2 139.401
-9.2 131.841
-8.2 131.61
-8.2 127.576
-7.2 127.753
-7.2 127.264
-6.2 124.844
-6.2 124.533
-5.2 120.822
-5.2 120.532
Depth
(m)
Vs
(m/s)
-4.2 109.747
-4.2 109.747
-3.2 111.915
-3.2 114.194
-2.2
-2.2
-1.2 104.194
-1.2 104.194
-0.2 105.388
-0.2 105.388
0.8 78.9679
0.8 78.9679
1.8 78.5039
1.8 78.5039
Survey: N3
c
Shear wave velocity (m/s)
100 200 300 4C10
•
•
•
•
•
•
Q
d
•
•
â
I
•
«
1m
•
#
•
•
•
#
•
-16 - ♦
-18 -
Borehole 
Source 1
Reciever A 2
Reciever B 3
Depth Vs
(m) (m/s)
-16.2 315.78
-16.2 315.78
-15.2 274.003
-15.2 274.003
-14.2 159.34
-14.2 168.349
-13.2 168.918
-13.2 165.199
-12.2 158.239
-12.2 158.593
-11.2 149.641
-11.2 150.758
Depth
(m)
Vs
(m/s)
-10.2 146.541
-10.2 146.541
-9.2 140.162
-9.2 135.824
-8.2 137.763
-8.2 137.628
-7.2 127.711
-7.2 128.533
-6.2 124.794
-6.2 123.798
-5.2 123.635
-5.2 122.764
Depth
(m)
Vs
(m/s)
-4.2 112.345
-4.2 111.537
-3.2 110.653
-3.2 110.13
-2.2 103.814
-2.2 103.124
-1.2 95.4406
-1.2 94.9215
-0.2 95.1183
-0.2 95.1829
0.8 89.5141
0.8 90.3809
1.8 83.7822
1.8 82.8893
Survey: N4
-2
-4
Û  -6
dh
I  -10
-12
-14
-16
-18
Shear wave velocity (m/s)
50 100 150 200 250
Source 
Reciever A 
Reciever B
Borehole
1 
2 
3
Depth
(m)
Vs
(m/s)
-16.2 225.912
-16.2 228.79
-15.2 156.445
-15.2 158.521
-14.2 160.233
-14.2 160.233
-13.2 160.548
-13.2 160.548
-12.2 154.784
-12.2 154.784
-11.2 151.08
-11.2 148.541
Depth
(m)
Vs
(m/s)
-10.2 140.826
-10.2 140.826
-9.2 130.039
-9.2 131.994
-8.2 121.738
-8.2 120.071
-7.2 128.533
-7.2 128.533
-6.2 114.839
-6.2 115.984
-5.2 108.276
-5.2 109.295
Depth
(m)
Vs
(m/s)
-4.2 110.478
-4.2 110.478
-3.2 104.524
-3.2 104.524
-2.2 102.368
-2.2 102.368
-1.2 99.7354
-1.2 99.7354
-0.2 98.0491
-0.2 97.232
0.8 83.5322
0.8 83.5322
Survey: S1
Shear wave velocity (m/s)
100 150 200 250 300
-10
-12
-14
-16
-18
Borehole
Source 4
Reciever A 3
Reciever B 2
Depth
(m)
Vs
(m/s)
-4.2 121.206
-4.2 121.206
-3.2 105.531
-3.2 109.825
-2.2 110.529
-2.2 110.529
-1.2 74.9848
-1.2 75.6312
-0.2
-0.2
0.8
0.8
Depth
(m)
Vs
(m/s)
-10.2 131.798
-10.2 136.449
-9.2 134.192
-9.2 134.97
-8.2 132.346
-8.2 124.561
-7.2 119.181
-7.2 121.664
-6.2 111.042
-6.2 107.967
-5.2 110.838
-5.2 111.542
Depth
(m)
Vs
(m/s)
-16.2 191.056
-16.2 266.434
-15.2 176.709
-15.2 176.254
-14.2 170.139
-14.2 153.735
-13.2 162.505
-13.2 162.505
-12.2 164.965
-12.2 164.965
-11.2 148.716
-11.2 148.398
Survey: S2
Shear wave velocity (m/s)
200 300 400100
-10
-12
-14
-16
-18
Borehole 
Source 4
Reciever A 3
Reciever B 2
Depth
(m)
Vs
(m/s)
-16.2 299.958
-16.2 300.586
-15.2 261.981
-15.2 274.003
-14.2 157.757
-14.2 158.457
-13.2 155.981
-13.2 156.323
-12.2 151.315
-12.2 152.618
-11.2 157.123
-11.2 157.298
Depth
(m)
Vs
(m/s)
-10.2 153.909
-10.2 154.415
-9.2 135.04
-9.2 135.04
-8.2 126.687
-8.2 127.959
-7.2 122.885
-7.2 123.102
-6.2 122.818
-6.2 117.744
-5.2 122.441
-5.2 120.954
Depth
(m)
Vs
(m/s)
-4.2 101.486
-4.2 101.118
-3.2 110.653
-3.2 109.87
-2.2 109.685
-2.2 111.436
-1.2 81.18
-1.2 78.8867
-0.2 75.0746
-0.2 75.6424
0.8 77.7778
0.8 77.7778
Survey: E
Shear wave velocity (m/s)
100 150 200 250 300
-10
-12
-14
-16
-18
Borehole 
Sdurce 4
Reciever A 5
Reciever B 6
Depth
(m)
Vs
(m/s)
-4.2 123.769
-4.2 124.534
-3.2 112.539
-3.2 114.453
-2.2 109.028
-2.2 109.028
-1.2
-1.2
-0.2 109.851
-0.2 109.851
0.8 88.2096
0.8 87.8261
Depth
(m)
Vs
(m/s)
-10.2 150.155
-10.2 149.929
-9.2 135.793
-9.2 136.35
-8.2 135.723
-8.2 136.838
-7.2 121.684
-7.2 121.536
-6.2 114.037
-6.2 113.135
-5.2 107.858
-5.2 107.283
Depth
(m)
Vs
(m/s)
-16.2 243.115
-16.2 241.378
-15.2 252.853
-15.2 257.345
-14.2 159.578
-14.2 160.084
-13.2 157.23
-13.2 158.718
-12.2 159.169
-12.2 159.169
-11.2 150.204
-11.2 152.261
Survey: W
Shear wave velocity (m/s)
0 50 100 150 200 250 300
4 
2 
0 
-2
I  -®h
“  -10
-12 
-14 
-16 
-18
Borehole 
Source 7
Reciever A 6
Reciever B 5
Depth Vs
(m) (m/s)
-16.2
-16.2
-15.2 278.555
-15.2 278.555
-14.2 194.255
-14.2 194.255
-13.2 151.547
-13.2 151.547
-12.2 154.042
-12.2 154.042
-11.2 140.5
-11.2 140.5
Depth Vs
(m) (m/s)
-10.2 142.647
-10.2 142.647
-9.2 136.912
-9.2 136.912
-8.2 130.748
-8.2 130.748
-7.2 128.74
-7.2 128.74
-6.2 125.156
-6.2 123.306
-5.2 109.742
-5.2 111.199
Depth Vs
(m) (m/s)
-4.2 104.51
-4.2 101.56
-3.2 113.679
-3.2 113.679
-2.2 107.404
-2.2 108.793
-1.2 103.66
-1.2 103.66
-0.2 95.0869
-0.2 99.9728
0.8 86.4726
0.8 87.6736
1.8 84.7315
1.8 87.069
Survev:SSs
Shear wave velocity (m/s) 
i 100 150 250200
-10
-12
-14
-16
-18
Borehole
Source
Reciever A 3
Reciever B 2
Depth
(m)
Vs
(m/s)
-4.2 107.089
-4.2 107.089
-3.2 100.463
-3.2 100.463
-2.2 97.3707
-2.2 97.3707
-1.2
-1.2
-0.2
-0.2
0.8
0.8
Depth
(m)
Vs
(m/s)
-10.2 130.154
-10.2 130.154
-9.2 135.824
-9.2 135.824
-8.2 130.095
-8.2 130.095
-7.2 116.926
-7.2 116.926
-6.2 112.981
-6.2 112.981
-5.2 108.614
-5.2 108.614
Depth
(m)
Vs
(m/s)
-16.2
-16.2
-15.2
-15.2
-14.2 224.73
-14.2 224.73
-13.2 201.366
-13.2 201.366
-12.2 167.591
-12.2 167.591
-11.2 139.184
-11.2 139.184
Survey: GPS CSWS
Shear wave velocity (m/s)
0.00 20.00 40.00 60.00 80.00 100.00 120.00
2.50
2.00 ♦
1.50
o
o
E
1.00
0.50
♦
0.00
-0.50
- 1.00
-1.50
• •
- 2.00
Location: Between boreholes 6 and 7 
Orientation: Array co-linear with boreholes 6 and 7
S wave Depth
velocity Lambda/3
(m/sec) (m O.D.)
89.80 -1.79
87.52 -1.03
77.60 -0.17
80.48 -0.28
82.95 -0.19
76.80 0.18
79.27 0.24
76.23 0.46
76.23 0.46
S wave 
velocity 
(m/sec)
Depth 
Lambda/3 
(m O.D.)
74.24 0.63
79.44 0.59
78.84 0.70
80.99 0.73
88.68 0.86
90.23 0.96
90.22 1.07
91.39 1.15
90.94 1.25
S wave 
velocity 
(m/sec)
Depth 
Lambda/3 
(m O.D.)
88.37 1.37
90.00 1.42
95.01 1.59
108.45 1.52
102.39 1.68
101.08 1.77
97.41 1.95
100.53 2.03
98.53 2.13
APPENDIX B -  Borehole d e v ia t io n  surveys and Dr iller s ’ logs
Deviation of Geophysical Boreholes at Bothkennar
All verticality surveys carried ou t by 
R obbertson Geologging on 03/07/1996
Borehole 1 2 3
Depth North E ast North East North East
(m b.g.l.) Drift Drift Drift
2 0.00 0.00 0.00 0.00 0.00 0.00
3 0.01 0.00 0.01 -0.01 0.01 0.00
4 0.01 0.00 0.02 -0.02 0.00 0.00
5 0.02 -0.02 0.03 -0.02 0.01 0.00
6 0.02 -0.02 0.03 -0.03 0.01 0.00
7 0.03 -0.04 0.04 -0.03 0.02 0.00
8 0.03 -0.05 0.05 -0.04 0.02 0.00
9 0.03 -0.05 0.05 -0.04 0.03 -0.01
10 0.03 -0.06 0.05 -0.05 0.04 -0.02
11 0.02 -0.08 0.04 -0.06 0.05 -0.03
12 0.01 -0.10 0.04 -0.06 0.06 -0.03
13 0.00 -0.11 0.03 -0.06 0.07 -0.04
14 -0.01 -0.13 0.01 -0.06 0.08 -0.05
15 -0.03 -0.14 0.00 -0.06 0.09 -0.07
16 -0.04 -0.15 -0.02 -0.07 0.11 -0.09
17 -0.05 -0.15 -0.03 -0.06 0.12 -0.11
18 -0.06 -0.16 -0.04 -0.06 0.13 -0.13
19 -0.09 -0.16 -0.05 -0.06 0.14 -0.15
20 0.14 -0.17
A.B-1
Borehole 4 5 6
Depth North East North East North East
(m b.g.l.) Drift Drift Drift
2 0.00 0.00 0.00 0.00 0.00 0.00
3 0.01 0.00 0.02 0.00 0.00 0.01
4 0.02 0.01 0.03 0.00 0.01 0.01
5 0.05 0.00 0.04 0.00 0.01 0.00
6 0.05 0.00 0.05 0.00 0.01 0.00
7 0.05 -0.01 0.06 0.01 0.02 0.00
8 0.06 -0.02 0.08 0.02 0.02 0.00
9 0.06 -0.02 0.09 0.03 0.03 -0.01
10 0.07 -0.02 0.11 0.04 0.03 -0.01
11 0.07 -0.03 0.12 0.05 0.03 0.00
12 0.07 -0.03 0.14 0.06 0.03 0.00
13 0.06 -0.03 0.16 0.07 0.03 0.02
14 0.06 -0.03 0.17 0.09 0.02 0.05
15 0.06 -0.04 0.17 0.10 0.02 0.08
16 0.05 -0.03 0.18 0.11 0.02 0.10
17 0.05 -0.03 0.19 0.11 0.01 0.12
18 0.06 -0.02 0.21 0.12 0.00 0.15
19 0.06 -0.02 0.24 0.13 0.00 0.16
20 0.07 -0.03 0.25 0.14
A.B-2
Borehole 7 BRE 1 BRE 2
Depth North East North East North East
(m b.g.l.) Drift Drift Drift
2 0.00 0.00 0.00 0.00 0.00 0.00
3 0.02 0.01 0.01 0.00 0.00 0.00
4 0.03 0.04 0.03 0.00 0.00 0.00
5 0.05 0.04 0.04 0.00 0.01 0.01
6 0.06 0.06 0.06 -0.01 0.01 0.02
7 0.08 0.07 0.08 -0.02 0.02 0.03
8 0.09 0.08 0.11 -0.03 0.03 0.04
9 0.10 0.09 0.12 -0.04 0.04 0.05
10 0.12 0.11 0.14 -0.06 0.05 0.06
11 0.14 0.11 0.16 -0.08 0.06 0.07
12 0.15 0.13 0.16 -0.10 0.07 0.08
13 0.16 0.13 0.08 0.09
14 0.17 0.14 0.12 0.14
15 0.17 0.14 0.12 0.16
16 0.18 0.15 0.12 0.18
17 0.18 0.15 0.13 0.20
18 0.18 0.16 0.14 0.23
19 0.18 0.17 0.15 0.25
20 0.17 0.27
A.B-3
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APPENDIX C - BOREHOLE SHEAR WAVE HAMMER
T h e  b o r e h o l e  v e r t i c a l l y  p o l a r i s e d  s h e a r  w a v e  s o u r c e
The shear wave source has been designed as part of this project and manufactured by 
the Department of Civil Engineering workshops. The source is intended for down 
hole use for crosshole and uphole surveying.
General view of Shear wave hammer
There are three principal components to the shear wave hammer: the hydraulic 
clamping unit, a sliding mass and a source event trigger.
S o u r c e  e v e n t  t r ig g e r
The source event trigger relies on Hall effect proximity transducers embedded behind 
the strike plates above and below the sliding mass. The Hall effect transducers have 
been embedded to ruggedise them and seal them against the ingress of borehole fluid.
Magnets are mounted opposite the Hall effect transducers on the sliding mass. The 
distance between the transducer and the magnet when the mass is in contact with the 
strike plate may be varied by the number of shim washers behind the magnet. This 
allows the trigger event to be set up to trigger as the mass comes into contact with the 
strike plate.
Aperture for HE 
trigger
The sliding mass has a mass of approximately 4kg and a travel range of 0.5m
H a m m e r  C l a m p in g  u n it
The shear wave hammer is clamped inside a lined borehole by a hydraulic spreader 
jack. The maximum clamping load available is V2 ton. The spreader jack is operated 
remotely via a hand pump at the head of the borehole.
Clamping unit
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